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ABSTRACT
The thermal decomposition (pyrolysis) of nine bituminous coals 
of the United States was investigated in a nitrogen atmosphere.
Weight loss and rate of weight loss were measured at heating 
rates of 160, 80, 40, 20 and 10°C/min. The qualitative behavior of 
these data confirmed observations reported by others on similar coals 
in that the major devolatilization occurred between 300-700°C with the 
peaks shifting to higher temperatures at faster heating rates. Kinetic 
parameters for each heating rate were derived from these measurements 
by means of a model which has been used successfully to describe the 
pyrolysis of woods and wildland fuels.
Energetic effects during pyrolysis were measured directly up 
to 727°C on a Perkin-Elmer differential scanning calorimeter (DSC-2) 
at heating rates of 320, 160 and 40°C/min. The decomposition of bitu­
minous coals is endothermie up to 500°C and exothermic thereafter; the 
energy of pyrolysis is more exothermic with decreasing heating rates. 
However, quantitative repeatability of these energetic measurements was 
less than desired because of baseline shifts arising from condensation 
of decomposition products on the surfaces of the sample holder.
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THERMAL AND KINETIC ANALYSIS OF THE PYROLYSIS OF COALS
CHAPTER I 
INTRODUCTION
Thermal analysis of materials has been practiced since 
LeChatelier's time. The technique of thermal analysis has primarily 
been used to investigate the response of materials to temperature change 
and, thereby, to identify constituting elements. Materials such as 
chemicals and catalysts, soils, mineral ores, and solid fuels have been 
analyzed by these techniques.
Since coal has been used as a fuel ever since the beginning of 
industrial development, it has been among the earliest materials to be 
subjected to thermal analysis. Much of this effort has been directed 
to the possibility of utilizing data from thermal analysis for quantita­
tive characterization according to the rank of the coal. However, these 
efforts have been only marginally successful because of the complex 
nature of coal and inherent limitations in the techniques of thermal 
analysis.
The major tools of thermal analysis have been thermogravimetric 
analysis and classical differential thermal analysis- Whereas the
2former provides quantitative results the latter is, at best, only semi- 
quantiative. Primarily because of this deficiency in classical differ­
ential analysis, an alternative technique, differential scanning 
calorimetry, has become available within the last 15 years which, 
without question, offers a more quantitative approach. The purpose of 
the investigation reported herein was to study the thermal decomposition 
of a variety of coals by a combination of thermogravimetric analysis 
and differential scanning calorimetry.
Background
In thermogravimetric analysis (TGA) weight change of the 
material is observed as it is heated, usually at a constant rate of 
temperature rise. The record of weight loss or gain with respect to 
time or temperature is termed a thermogravimetric (TG) thermogram.
When the rate of weight loss (the derivative with respect to time) is 
recorded as a function of tiir.e or trmiperature, it is called a differ­
ential thermogravimetric (DTG) thermogram. The DTG has been used to 
study the kinetics of thermal decomposition reactions of a variety of 
solids, including coal. Much of this work is based on the assumption 
that the thermal decomposition is describable by an overall first order 
reaction and follows the Arrhenius-type equation
K = K (I-l)o
—
where K = decomposition rate constant (sec )
= frequency factor (sec)
E = "pseudo" activation energy (cal/gm-mole)
T = absolute temperature (*K)
R = gas law constant (cal/gm-mole “K)
3In differential thermal analysis (DTA) the temperature 
difference between the sample and a reference (inert) material is 
recorded while both are heated under identical conditions. On the other 
hand, the more recent differential scanning calorimeter (DSC) of the 
Perkin-Elmer type records the differences in energy inputs between a 
sample and inert reference material which are required to maintain both 
at the same temperature at a prescribed heating rate.
Resume of Previous Work
A large number of studies have been reported on thermogravimetric 
and differential thermal analysis in attempts to explain kinetics of 
thermal decomposition of coal and to obtain qualitative information on 
energetics of coal pyrolysis. Literature reviews on these subjects of 
thermal analysis are available from Howard (1963), Kirov and Stephens 
(1967), Lawson (1970), and Anthony and Howard (1976) . Kirov and Stephens 
(1967) have described progress made in the development of thermobalances. 
Major differences in the thermobalances used for the studies of Honda 
(1915), Guichard (1926), Vallet (1932), Rigollet (1934), Dubois (1935), 
Longechambon (1936) and Jouin (1947) were mentioned by Kirov and Stephens 
(1967). These thermobalances recorded weight loss with respect to time 
or temperature. A thermobalance was introduced by Waters (1956) which 
enabled, for the first time, simultaneous recording of weight loss and 
rate of weight loss data for coal to this author's knowledge.
According to Howard (1963) , who discussed literature related 
to pyrolytic reactions of coal, Audibert (1926) reported for the first 
time results of thermogravimetry of coal. However, the observations of 
weight loss data were not applied to study kinetics of coal decomposition
4reactions, to this author's knowledge, until the study of Van Krevelen,
Van Heerdan and Huntjens (1951) . They studied the rates of decomposi­
tion of Dutch coals on a thermobalance that recorded weight loss data 
continuously over the temperature range 200-550°C at a heating rate of 
2®C/min. A mathematical equation was presented to describe the rate of 
decomposition of coals. It was concluded that the decomposition process 
is first order with respect to the fraction of undecomposed coal. The 
studies of Shapatina, et. al. (1950) and Stone, et. al. (1954) did not 
use thermobalances to record weight loss of coals; instead they measured 
rates of evolution of volatile matter from coals. Shapatina, Kalyuzhnyi, 
and Chukhanov (1950) studied the rate of evolution of volatile matter by 
dropping the powdered Russian coal sample into a furnace held at a con­
stant temperature. The volume of gas evolved as a function of tempera­
ture was measured for several lengths of time. These measurements were 
made over a temperature range 300-600°C. They observed that initial 
devolatilization is rapid removal of moisture and oxides of carbon, the 
middle devolatilization is slow and consists of removal of main volatile 
matter from coal, and the final devolatilization is a slow process of out- 
gassing the residuals. The first order reaction rate constants for the 
middle devolatilization, according to Howard (1953), showed a low value 
of activation energy (5.3K cal/mole) which does not compare well with 
with those reported in the literature for Western European Coals 
(40-50K cal/mole). Boyer (1953) studied the decomposition of French 
coals and reported that the decomposition process is first order. Stone, 
Batchelor and Johnston (1954) also studied isothermal devolatilization 
of three American Bituminous coals in a fluidized bed. The coal samples
were removed from the fluidized bed, and they were analyzed for loss in 
volatile matter. The experiments were performed at temperatures of 410°C, 
454°C, and 510°C. The decomposition process was assumed to be 
represented by
^  = K(V - (1-2)
where V = volatile matter content at any time (t)
= ultimate volatile content after heating to the constant 
temperature 
n = order of reaction 
K = velocity constant 
At a particular temperature it was observed that the order of the 
decomposition reaction changed with time. For example, at low tempera­
ture (410°C), the first order relation held over a longer length of 
time; but after the end of first order period, fractional order was 
observed.
Van Krevelen, Huntjens and Dormans (1956) made thermogravimetric 
runs over a 350-600°C temperature range at slow heating rates (0.5 to 
6°C/min) and also made several isothermal runs. It was observed from 
the results of isothermal coal devolatilization that after a typical 
high initial rate of weight loss, the rate abruptly tapers off to 
essentially zero. Brown (1957) studied Australian coals on a thermo­
balance developed by Waters (1956). The coal samples were heated at 
3°C/min. He observed a maximum in the rate of weight loss curve for 
coking coal at approximately 440°C and below 440°C for lower rank coals. 
Isothermal decomposition of coal samples confirmed the results of 
Van Krevelen et. al. (1956). Smutkina and Kasatochkin (1957) studied
6the kinetics of decomposition of Russian coals up to temperatures of 
850“C. The analysis of the kinetics of coal pyrolysis showed that the 
velocity constant for the first order reaction changed so much that they 
concluded that the thermal decomposition of coal cannot be described by 
a single first order reaction. They also observed that the activation 
energy for the decomposition reaction increased with an increase in the 
degree of decomposition.
According to Anthony and Howard (1976) who reviewed the 
literature related to devolatilization and hydrogasification of coals, 
it was realized in the early 1960's from the results of several studies 
(Badzioch, 1961; Jones, 1964; Peters and Bertling, 1965) that the rapid 
heating of coal generated more volatiles than slow heating. Since this 
development, most studies on devolatilization have been done at extremely 
high heating rates, on the order of 1000°C per second (Jountgen and 
Van Heek, 1958; Mentser, 1970; Anthony, et al, 1976). The complexities in 
correlating the kinetics are illustrated by the recent work of Reidelbach 
and Summerfield (1975); they proposed a coal pyrolysis model with fif­
teen kinetic rate parameters.
The above discussion is intended to provide only an introduction 
to the literature of coal devolatilization and decomposition. Subse­
quently, direct comparisons between the results of this study and those 
reported in literature will be made wherever possible.
Differential thermal analysis of coal began, according to Lawson 
(1970), when Rollings and Cobb (1914, 1915, and 1923) performed DTA 
experiments on coal in nitrogen up to a temperature of 1100°C at heating 
rates of 2 to 12°C/min. Coke, produced from the pyrolysis of a coal
7corresponding to the coal being tested, was used as a reference material. 
The thermograms resulting from the DTA of coals indicated that the 
decomposition of coal is endothermie up to a temperature of 410°C, and 
again in the temperature range, 470 to 510®C. Two exothermic regions 
were observed in the temperature ranges 410-470°C and 610-750*0. The 
thermograms for coals differing in ranks were also distinguished. Since 
the studies of Hollings and Cobb (1914, 1915, 1923), little work on DTA 
pyrolysis of coals was done until the period of Whitehead and his 
co-workers (Whitehead and King, 1951; Berger and Whitehead, 1951).
Whitehead and King (1951) made DTA experiments on various 
pétrographie constitutents of coal at heating rates of 20*C/min. They 
found that most of the constitutents of coal are exothermic in nature 
in the temperature range of carbonization (330-500*0). Breger and 
Whitehead (1951) studied the role of lignin in the development of coal 
through various ranks on a vacuum differential thermal analyzer up to 
1000*0. They found that the presence of lignin is indicated by a large 
exothermic peak between 400*0 and 500*0. This exothermic peak associated 
with lignin became less pronounced with an increase in the rank of the 
coals; thus, for anthracite coal no peak was observed.
Yagishita and Araki (1951) observed three endothermie and two 
exothermic peaks in the DTA thermograms of coal up to 1000*0. These 
peaks on the DTA curves, according to Lawson (1970) corresponded to 
those observed in the studies of Hollings and Cobb (1914, 1915, 1923).
Glass (1954) studied the relation between the ranks of coal 
and their DTA characteristics when he heated coal samples from room 
temperature to 1000*0 at 10*0/min in the atmosphere of gaseous products
8evolved during the decomposition. He classified five different types 
of curves, mostly, endothermie, according to the rank of coal.
King and his colleagues (King and Whitehead, 1955; King and 
Kelley, 1955) performed differential thermal analysis of coals in a 
vacuum. King and Whitehead (1955) examined vitrains from bituminous 
coals in an attempt to correlate the rank of coal with the temperature 
of the exothermic peak that had been previously observed by Breger and 
Whitehead (1951). King and Whitehead concluded that DTA is useful for 
detection of cellulose in lignites. King and Kelley (1955) tested coking 
coals on vacuum DTA at a heating rate of 10°C/min over the temperature 
range from room temperature to 600“C. They observed an exothermic peak 
commencing in the range 340®-440®C and reaching a maximum approximately 
between 440-520°C.
Clegg (1955), in an attempt to explain the discrepancies in the 
DTA curves observed in previous studies by others, analyzed the experi­
mental factors that could influence the DTA curves. He concluded that 
a large number of factors, such as manner of packing, covering of the 
sample, geometry of the holders, etc., affect DTA thermograms. Therefore, 
DTA curves can be reproduced only if experimental factors are precisely 
controlled. Clegg (1955), in emphasizing the reliability of the results 
of Glass (1954) which were obtained in the same laboratory, confirmed 
that DTA thermograms for coal do reflect that the decomposition reactions 
for coal are indeed endothermie.
Differential thermal analyses on Canadian coals (ranging in 
carbon contents from 73% to 90%) were made by Berkowitz (1957) at a 
heating rate of 6°C/min up to a temperature of 550°C. He observed.
besides an endothermie peak at approximately 120°C, three or four 
exothermic peaks on the thermograms. His work is in general agreement 
with Breger and Whitehead (1951). Berkowitz also recognized the experi­
mental difficulties emphasized by Clegg (1955).
Kroger and Pohl (1957) tested macérais, exinite, vitrinite and 
micrinite separated from German coals on DTA over a temperature range of 
100-750®C at a heating rate of 8®C/min. They observed that due to 
changes in the thermal properties (specific heat and thermal conducti­
vity) of the coal and reference materials, the baseline (zero level line) 
is depressed until 500“C, then it is raised until it reached the zero 
value at approximately 800°C. When the DTA curves were corrected for 
this change in levels of the baseline, four regions, three endothermie 
and, the last, exothermic, were observed. The uncorrected DTA thermo­
grams, according to Lawson (1970), always lie on the endothermie side 
of the baseline.
A baseline correction was also applied to the thermograms 
obtained by Kessler and Romovackova (1961) who studied the behavior of 
eastern European coal on DTA up to a temperature of 1000°C at a heating 
rate of 10°C/min. They concluded that a baseline correction was neces­
sary since the baseline obtained with reference material (alumina) 
in both holders was not a straight zero line but made an angle from 30° 
to 45° with the zero line. This correction, however, is not the same 
as reported by Kroger and Pohl who corrected their thermograms for 
changes in the thermal properties of coal and coke with temperature.
The corrected thermograms of the study of Kessler and Romovackova 
(1961) were similar in form to those obtained by Glass (1954), 
predominantly endothermie.
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Luther, et. al. (1966), examined the effect of factors such as 
heating rate, degree of packing of the sample, pressure and nature of 
gas phase, on the DTA thermograms of coals of different ranks. According 
to Lawson (1970), an expression was developed to give the value of At 
(At is the differential temperature between the two holders) in terms of 
packing density and thermal properties of the sample and the reference 
material for a given value of the heating rate. It was shown that 
changes in thermal properties with temperature can produce an endothermie 
effect at about 575-600°C. The DTA thermograms from the study of 
Luther, et. al. (1966) were similar to those of Glass (1954).
Yoshimura and Mitsui (1966), according to Lawson, show that 
the temperature of an endothermie peak at 400-500°C increases with rank
but decreases when the pressure above the sample is reduced. Luther
(1966) also found that in changing from a nitrogen atmosphere to a 
vacuum for pyrolysis, the size and temperature of the endothermie peak 
at 350-450°C were reduced. Luther, et. al. (1966), explained that this 
behavior is due to changes in the thermal properties of the materials.
Basden (1960) introduced a fluidized bed DTA system which 
essentially is the same as the classical DTA instruments except both 
the sample and reference holder beds are fluidized. According to Lawson
(1970), this process offers considerable advantages since it provides 
uniform heat transfer within the bed and intimate contact between the 
particles and the fluidizing medium. As a result, uniform baselines 
and rapid response to thermal changes are possible. Disadvantages of
the fluidized bed DTA are that large samples (on the order of 20-25 mg)
are required and that the coals which tend to agglomerate (above about
11
400®C) cannot be fluidized. Stephens (1963) used the fluidized bed DTA 
to pyrolyze four Australian coals at a heating rate of 3®C/min and up 
to the temperature at which agglomeration prevented fluidization. Both 
endothermie and exothermic effects were reported for coals.
It is clear from these DTA studies that very little reliable 
information on quantitative energetics of coal pyrolysis is available. 
Kirov and Stephens (1967) presented results of studies by others (Terres, 
1928; Pieper, 1956; Sanyal, 1960) in which the heats of carbonization 
and coking of coals were measured by techniques other than DTA.
Briefly, Kirov and Stephens (1967) concluded that quantitative data on 
the energetics of coal pyrolysis is meagre.
In summary, the results to date on the kinetics of coal pyrolysis 
based on thermogravimetric analyses are inconsistent. Whereas, most 
studies (such as Van Krevelen, 1951; Boyer, 1953) observed first order 
kinetics, others (Kirov and Stephens, 1967; Smutkina and Kasatochkin,
1957) concluded that the kinetics of decomposition cannot be described 
as a single first order reaction. For natural fuels like wood and coal 
the thermal decompositions • are much more complex due to the simultaneous 
progress of many reactions. This premise is supported, for example, by 
the extensive studies on the pyrolysis of woods at the Flame Dynamics 
Laboratory of the University of Oklahoma (Havens, 1969; Brown, 1972; 
Sardesai, 1973; Duwuri, 1974; Muhlenkamp, 1975; Puskoor, 1976) . It is 
further abetted by the present work which is dedicated to the kinetics 
of decomposition of U. S. coals.
In summary, most of the DTA work on coal was done during the 
1950's; in general, the results reported by various investigators are
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conflicting. For example, Whitehead and his co-workers (1951), King and 
his colleagues (1955), and Berkowitz reported primarily exothermic peaks. 
Conversely, Glass (1954), Kroger and Pohl (1957), and Luther, et. al.
(1966) observed predominantly endothermie behavior for coal decomposi­
tion. Stephens (1963) observed both endothermie and exothermic behavior 
during fluidized-bed DTA of Australian coals.
To date, the application of the DSC technique to studies on 
coal pyrolysis has been limited. Mahajan, Tomita, and Walker (1976) 
reported coal pyrolysis experiments in a duPont "DSC cell." The present 
study has obtained quantitative measurements of the energetics of coal 
pyrolysis reactions on a Perkin-Elmer DSC-2 instrument.
Before preceeding with the substance of this study, it is 
essential to call attention to the basic differences, not only between 
the DTA and DSC techniques, but also between the two, so-called DSC 
instruments currently available. Failure to recognize these differences —  
even the more subtle aspects —  is the source of confusion regarding the 
capabilities and limitations of these instruments- For this reason, the 
next chapter will attempt to clarify these points.
CHAPTER II
METHODS OF DIFFERENTIAL THERMAL ANALYSIS
Qualitative and quantitative thermal analyses have been 
practiced extensively. A text on differential thermal analysis by 
Smothers and Chiang (1966) lists nearly 4000 publications between 1900 
and 1966. These publications describe studies performed' on many types 
of equipment which range from in-house fabrications to commercial instru­
ments. Since neither equipment design nor experimental procedure has 
been standardized, most of these previous studies require detailed 
examination before the results can be properly evaluated. As if to 
aggravate -this undesirable predicament, with the introduction of more 
sophisticated instruments for thermal analysis came new terminology 
such as differential scanning calorimetry (DSC) and dynamic differential 
calorimetry (DDC) to distinguish from classical differential thermal 
analysis (DTA). The purpose of the following discussion is to focus 
on the distinctive features of these various techniques and -thereby 
establish a rational basis for selecting the most appropriate instrument 
commensurate with the task.
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In his doctoral dissertation, Havens (1969) presented a 
comprehensive comparison of the various methods for thermal analysis.
A substantial part of the discussion which follows represents a conden­
sation from this reference.
Classical Differential Thermal Analysis
This technique, commonly known as DTA, being the oldest has 
been used most widely. It is based on measurement of the difference 
in temperature between an inert reference material and the sample mate­
rial under investigation when both are heated in the same thermal 
environment as follows:
1. The reference material is so chosen that its physical and thermal 
properties such as density, heat capacity, and thermal conductivity 
are, as closely as possible, identical to the material under study.
2. The materials are then placed in two separate, but identically- 
built, chambers in a metal heating block. The sample and ref­
erence materials are located symmetrically with respect to a 
heating element.
3. A temperature measurement device, such as a thermocouple, is 
placed in each chamber.
4. As the materials are heated at a constant rate, the differences 
in sample and reference temperatures of the sample and reference 
materials are monitored with a differential thermocouple and are 
recorded as a function of time or temperature.
Consider two materials, one a sample and the other a reference, 
having identical properties in all respects except that the sample 
material experiences physical or chemical transitions with increasing
15
temperatures whereas the reference material remains inert and its prop­
erties do not change with temperature. Another questionable assumption 
is that the thermal properties of the sample material remain the same 
before and after transition.
Referring to Figure II-l, if the sample and reference materials 
are heated simultaneously and identically at a constant rate, the tem­
perature of the reference material will increase linearly throughout 
the test, as shown by line A, since it does, as shown by Curve A, not 
undergo any transitions. On the other hand, the temperature of the 
sample material will increase identically with the temperature of the 
reference material until a temperature, T^, is reached. At this tem­
perature, the sample temperature begins to lag the reference temperature 
due to an endothermie transition as shown by Curve B in Figure II-l.
When the transition is completed, the sample gradually returns to the 
temperature of the reference material. If the difference between the 
sample temperature (T^ ) and reference temperature (T^) is recorded with 
respect to the temperature of the reference material (or the time, t), 
this difference, AT = - T^, is zero until the sample transition
temperature is reached. At temperature T^, the difference increases 
until a maximum is reached and then decreases until the sample and 
reference temperatures again become equal. Thus a pronounced 'peak' is 
obtained on a plot of AT vs T (or t); such a graph is called a thermogram.
In a typical DTA run of sample material, the number, shape, 
and temperature position of the various transitional peaks (endothermie 
or exothermic) are used as a means for the qualitative identification 
of the material under study. Since the magnitudes of the areas
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circumscribed by the differential temperature curves are dependent on 
magnitudes of the heats of transitions, this graphical representation 
could be used, "theoretically," to compute quantitative heats of transi­
tions for the sample. Unfortunately, it has been observed experimentally 
that the shape and extent of the DTA curves depend on factors related 
to the instrument and to the properties of the sample (Smothers and 
Chaing, 1966). The instrumental factors are as follows:
1. Furnace atmosphere
2. Furnace size and shape
3. Sample holder material
4. Sample holder geometry
5. Wire and junction size of thermocouples
6. Furnace heating rate
7. Response of recording instrument
8. Thermocouple location in sample.
The sample characteristics are as follows:
1. Practical size
2. Thermal conductivity
3. Heat capacity
4. Packing density
5. Swelling or shrinkage of sample
6. Amount of sample
7. Effect of diluent
8. Degree of crystallinity.
Consequently, it is not surprising that it is difficult to achieve 
consistent reproduction of DTA curves for a given sample even in the
18
same instrument. Although the temperatures at which the transitions 
occur are adequately reproducible, it is questionable whether the 
correct magnitudes for the heats of transitions are derivable from DTA.
Considerable discussion has been presented and several theories 
have been advanced for quantitative measurements on DTA. One of the 
most widely-held theories is due to Spiel (1945). He proposed to cal­
culate the amount of energy involved during a transition of the sample 
as observed in DTA by
c
Ae = ^ At dt (II-l)s J
a
where AE^ = change in heat content due to transition by the sample 
over the time limits, cal/gm
2
g = geometrical shape constant, cm
hg = heat transfer coefficient between the heating-block wall
2
and sample material, assumed constant, (cal/cm sec °C) 
Mg = mass of the sample, gm
At = difference in sample and reference temperature,
?s - ?r'
Equation II-l requires the following assumptions :
1. The physical and thermal properties of the sample and reference 
material are assumed to be the same.
2. The geometrical constant (g) is assumed to be the same for the 
sample and reference.
3. It is assumed" that no temperature gradient exists within the mass 
of the sample and within the reference materials.
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4. The effect of differences in heat losses from the sample and 
reference holders are neglected.
5. The heat transfer coefficients (h^ and h^) between the heating 
block wall and the two materials are assumed equal and constant.
6. The mass of the sample (M^ ) is assumed to remain constant.
Assumptions 1, 2, and 3 are related primarily to the sample 
and reference materials. Selection of the reference material is made 
carefully to insure that its properties are nearly the same as the 
material under investigation. These properties may also be controlled 
by mixing diluent into the sample material and, thereby, making the 
properties of the mixture more similar to the reference material.
Sizes of the sample and reference materials are kept to a minimum in 
order to minimize the possibility of a temperature gradient within the 
mass of the materials. (Most commercially available instruments use a 
sample smaller than 20 mg) . Furthermore, instruments are carefully 
designed so that the sample and reference materials are located symmet- 
trically with respect to the heating element.
Assumption 4 is the bane of all differential thermal analyses, 
whether it be in classical DTA or, as will be discussed later, in the 
more sophisticated DSC. With increasing temperatures the differences 
in heat losses from the sample and the reference become more pronounced 
due to disparate changes in their respective radiation characteristics. 
In addition, Boersma (1955) reports that heat loss from the materials 
by conduction through the thermocouple wires should be considered.
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Assumption 5 can be accommodated, by means of an overall 
calibration constant which is obtained experimentally on the DTA instru­
ment. This constant presumably takes care of any changes in the heat 
transfer coefficients.
Assumption 6 requires that the DTA be used for only "pure" 
transition wherein no mass is lost, such as by volatilization during the 
transition. In cases where a weight loss occurs during transition, its 
magnitude (as a function of time or temperature) must be determined 
experimentally by an independent measurement, such as TGA.
The coefficient of the integral gh^/m^, in Equation II-l is 
determined experimentally by making a DTA run for a material of known 
weight and known heat of transition. Materials like calcium carbonate, 
benzoic acid and silver nitrate have been used as calibration materials 
for DTA studies.
According to Havens (1969) for "pure" (constant mass of solid) 
phase transitions, the results obtained with Speil's model. Equation II-2, 
show acceptable variation. However, where transitions are accompanied 
by changes in the thermal properties of the sample, the classical DTA 
technique which relies on direct contact of a thermocouple with the sam­
ple to sense temperature differences becomes questionable. Boersma (1955) 
and Schwiete and Ziegler (1958) observed that the heat effects indicated 
by a thermocouple embedded in a powdered sample are usually limited to 
the region immediately surrounding the thermocouple bead. During a 
transition, such as thermal decomposition in which particle rearrangement 
and/or chemical changes occur, the thermal resistance between the thermo­
couple junction and powdered sample changes sufficiently to invalidate 
the temperature differentials sensed by the instrument.
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Dynamic Difference Calorimeter (DDC)
To circumvent the problem of sensing temperature in a sample 
whose thermal properties change during transitions, Boersma (1955) and 
Schwiete and Ziegler (1958) modified the classical DTA by transferring 
the thermocouples embedded inside the sample and reference materials to 
the external bottoms of the two holders for containing the sample and 
reference materials. Thus, the temperature difference between the two 
crucibles and their contents, rather than the contents alone, became the 
quantity to be measured. By further maintaining a thin layer of material 
in the crucible, it is claimed that much of the variability in the 
results from the classical DTA can be eliminated.
Based on the modification suggested by Boersma, the duPont 
Company produced a calorimetric cell which is shown in Figure II-2a.
The holders for the sample and reference materials are located in separate 
air cavities in a heating block. A resistance heating element is wound 
around the block. Chrome1-alumel thermocouples are welded to the bottoms 
of the sample and reference holders. The isolation of the sample and 
reference holders by the air cavity provides high resistance to heat 
transfer so that when the sample undergoes transition or reaction, the 
heat effect is retained by the holder. The energy change, AE^, is claimed 
to be independent of sample size, specific heat, and packing density.
This calorimetry cell was latter replaced by a new design shown 
in Figure II-2b. Although it is marketed under the trade name. Differ­
ential Scanning Calorimetry Cell, it will be referred to herein as the 
duPont Cell to avoid confusion with a fundamentally different type (to 
be discussed subsequently) by Perkin-Elmer who apparently originated the
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Figure II-2. Schematic Diagrams of "Dynamic Difference Calorimetry" 
Type Cells Manufactured by duPont.
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trade name. The duPont design includes a thermoelectric disc consisting 
of a constantan plate with raised platforms for placement of sample and 
reference in shallow 6.6 mm diameter aluminum pans. The constantan disc 
serves two functions: 1) it provides a heat transfer path from the
block to the sample and reference and 2) it is an integral part of the 
temperature measuring thermocouples. A chrome1 wire is welded at the 
center of each platform providing a thermocouple junction in direct 
contact with the bottom of each pan for measurement of temperature dif­
ference. An alumel wire is welded at the center of the sample platform 
providing a chromel-alumel thermocouple junction for determining the 
temperature of the sample pan.
A calorimetric constant has to be calculated for either of the 
duPont cells. The following relation is used:
A At T
AE^ (mcal/mg) = E ------------------------------(H-2)
where E = calibration coefficient (mcal/°C-min)
2
A = peak area (cm )
ATg = sensitivity of the y-axis of the recorder (°C/cm)
Tg = sensitivity of the X“axis of the recorder (°C/cm)
M = mass of sample (mg) 
a = heating rate (“C/min)
The relation is of the same form as the model reported by Speil (1945), 
Equation II-l, in this thesis. The calibration coefficient, E, is 
determined with a material of known weight and transition energy, as 
previously discussed for classical DTA. Unfortunately, the coefficient, 
E, is sensitive to changes in the conductive and radiative heat transfer 
contributions to the differential temperature measurement. Therefore,
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it is quite temperature dependent as shown by the calibration curve in 
Figure II-3 which was obtained from several metals with accurately known 
heats of fusion. This variability in the coefficient represents a major 
drawback in this instrument even though it offers a distinct improvement 
over classical DTA.
Differential Scanning Calorimeter (DSC)
Perkin-Elmer developed an entirely new instrument. To call 
attention to the fact that it represented a fundamentally different 
approach to differential thermal analysis, they introduced the termino­
logy, differential scanning calorimeter (DSC). Whereas the classical 
DTA, the Boersma modification and the duPont versions previously described 
rely on a measurement of the temperature difference between the sample 
and the reference materials while both are being heated at identical 
rates, the Perkin-Elmer design is based on a "null-balance" principle 
which maintains the sample and reference materials at the same tempera­
ture by adding or abstracting heat to or from the sample and reference 
materials to compensate for the energy absorbed or evolved by the 
sample during a transition. Therefore, since the Perkin-Elmer instrument 
measures directly the differential energy transfers to the sample 
and reference materials, individual electrical heating elements have to 
be provided for the sample and reference holders so that the electrical 
power which must be dissipated at each holder to maintain a zero tempera­
ture difference can be controlled separately. Thus, power can be increased 
to the sample holder while reducing power at the reference holder, or 
vice versa. In actual practice, however, the differential power is split 
equally between the two holders to improve the thermal response
25
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Calorimeter (Havens, 1969),
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characteristics. Another distinctive feature of the Perkin-Elmer 
instrument is that the temperature sensors are platinum resistance 
elements rather than the thermocouples which are used in other differen­
tial thermal analyzers. A simplified cross-section of the Perkin-Elmer 
calorimeter is shown in Figure II-4.
A block diagram of the instrument is presented in Figure II-5. 
The maintenance of equality of temperature in the sample and reference 
holders is obtained by a differential temperature control loop. Tem­
perature signals measured by the platinum resistance thermometers in 
the sample and reference holders are sent to the differential tempera­
ture amplifier via a comparator circuit. The comparator circuit deter­
mines which of the two temperatures is greater. The output of the 
amplifier is used via a feedback circuit to adjust the differential 
power increment into the reference and sample holders in the direction 
and magnitude necessary to correct any temperature difference between 
them. A signal proportional to this differential power is transmitted 
to a potentiometric recorder producing a recording from which the dif­
ferential power versus time (or temperature) can be obtained. The area 
under a sample transition peak is claimed to be directly proportional 
to the heat energy absorbed or liberated by the sample.
In a separate control loop, a programmer provides a linearly 
increasing electrical signal that is proportional to the desired rate 
of rise in the sample temperature. This programmer signal is compared 
with a signal received from the platinum resistance thermometers imbed­
ded in the sample and reference holders via an average temperature 
computer. The error signal is used, via feedback, to effect a linearly 
increasing temperature in both the sample and reference holders.
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Figure II-4. Schematic of Differential Scanning Calorimeter 
Manufactured by Perkin-Elmer.
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To describe how feedback temperature control is applied in the 
Perkin-Elmer DSC-2 system, the simplified presentation by Muhlenkamp 
(1975) should suffice. First, consider a DTA or DDC system in which a 
feedback temperature controller is not used. In this case, then, sample 
transitions are identified solely by the difference in temperature 
between the sample and reference pans. This "open-loop" temperature 
difference (AT) can be expressed as the product of the energy of sample 
transition (Q^ ) and the thermal resistance (R) between the sample and
surroundings,
At = QgR (II-3)
However, if the loop is closed by introducing negative feedback so that 
the energy flow to the sample pan is proportional to the difference in 
temperature between the sample and reference holders, the closed loop 
temperature difference (AT') is related to the amount of energy input 
(Q) and the amplifier gain, G by
Q = -GAT' (II-4)
For this closed loop system, the temperature difference is given by a 
relation similar to Equation II-3,
At ' = (Q^ + Q)R (II-5)
Eliminating AT' from the two previous equations,
2 = - 2s
If the product, GR, is made very large by design, the power 
from the feedback temperature control (Q) is equal but opposite in 
sense to the energy effect due to a sample transition (Qg)• In other 
words the amount of energy supplied by the feedback control exactly
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counteracts the energy of sample transition. Furthermore referring to 
Equation II-4, as the amplifier gain becomes very large, At ' -»• 0 to 
achieve a "null" balance. Thus, negative feedback temperature control 
can be used in this manner to monitor the energy changes within the 
sample holder.
In the Perkin-Elmer system, it is advantageous to split the 
differential power requirement between the sample and reference holder. 
Thus, when the sample absorbs power (endothermie) from the holder at a 
rate AQ^, AQ/2 additional power is delivered to the sample holder and 
AQ/2 less power is provided to the reference holder.
To summarize, by conducting a comprehensive analysis of elec­
trical circuit analogs and the transient response characteristics of 
the sample temperature to a sudden heat flow rate Havens (1969) concluded 
that isothermal calorimetry was superior to any approach available for 
obtaining quantitative energy content information from samples under­
going transitions. In isothermal calorimetry, an intensive parameter, 
temperature, is the independent, reproducible variable while the energy 
content, an extensive parameter is the dependent, measured variable.
This technique has high resolution capabilities as a consequence of 
being able to achieve small time constants. By utilizing proportional 
feedback temperature control, the Perkin-Elmer instrument approaches 
the performance of a true, isothermal scanning calorimeter.
In adiabatic calorimetry, the roles of the variables are just 
the opposite from isothermal operation; namely, the intensive parameter 
is the dependent variable while the extensive parameter is the independ­
ent, measured variable. Although many suggested designs and applications
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have been reported in the literature, its low resolution capabilities 
(large time constants) make them inapplicable for the purposes intended 
herein despite the fact that it has advantages of simplicity over the 
isothermal method.
The classical DTA and its descendants of the DDC type do not 
represent a good approach to either isothermal or adiabatic calorimetry 
since they inherently lack reproducibility of quantitative measurement 
of heat affects for materials undergoing transitions with evolutions of 
gases and changes in the thermal properties of the sample.
Although the Perkin-Elmer instrument was judged to be superior 
to any instrument available for thermal decomposition studies of the 
type reported herein, it too appears to have serious déficiences. As 
will be shown in Chapter IV, this instrument failed to give reproducible 
(neither qualitative nor quantitative) information above 500°C even 
though its capability is purported to extend to 750°C.
CHAPTER III
EXPERIMENTAL PROCEDURE
The coal samples used in this project were supplied by the 
1) Bureau of Mines, United States Department of Interior (six samples) 
and 2) Pennsylvania State University (three samples) .
The place of origin, mine and seam designation of the nine coal 
samples are listed in Table III-l along with identification letters to 
facilitate future reference in this report. Tables III-2 and III-3 sum­
marize analyses provided by the suppliers for their coal samples.
The coal samples, as received, covered a broad range of 
particle sizes, up to minus 20-mesh. Since the amount of coal required 
for each test was on the order of 5 mgs or less, all samples were ground 
in a mortar and pestle to less than minus 200-mesh to assure a more 
representative or homogeneous sample for TGA and DSC measurements on 
the Perkin-Elmer instruments.
TGA Calibrations 
Thermogravimetric analyses of nine samples were made from 
ambient to 1000°C at heating rates of 160, 80, 40, 20, and 10°C/min on 
a TGS-1 thermobalance with UU-1 temperature programmer. These instru­
ments are shown in Figure III-l.
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TABLE III-l 
SUMMARY OP COAL SAMPLES
Laboratory
Identification
Letter Coal Type
From U. S. Department of Interior
A Illinois Coal #6, Orient Mine
B Indiana Coal #5, Chrisney #1 Mine, 
Spencer County
c Kentucky Coal (Blend), Seams #9,  11, 12 
Ohio Co., Western Kentucky
. D Pennsylvania Coal, Clearfield Lower 
Kittanning Bed, Manor #44, Mine, 
Clearfield, PA
E West Virginia Coal, Pittsburgh Seam, 
Ireland Mine, WV
F Wyoming Coal, Rock Springs, Wyoming 
From Penn State University
G Saline Co., Illinois, Channel Sample 
(Penn- State No. PSOC-26)
H Kentucky #14 Seam, Run of Mine Sample 
(PSOC-216)
I Kentucky Coal, Muhlenburg Co., Channel 
Sample (PSOC-272)
The TGS-1 thermobalance consists of a microelectronic weighing 
mechanism, shown in Figure III-2, which monitors weight changes of the 
samples as it is heated by a furnace. As shown in the Figure III-2 the 
sample is suspended on a nichrome wire which is long enough to protect 
the weighing system from the hot corrosive decomposition gases. A 
baffle plate assembly is situated slightly above the sample pan which 
also protects the weighing system from the decomposition products. The
TABLE i r i - 2
A N A L Y S IS  OF COAL SAMPLES S U P P L IE D  BY THE BUREAU OF M IN E S , U . S .  DEPARTMENT OF IN T E R IO R
i d e n t i f i ­
c a t i o n
LETTER O R IG IN
RANK
OF
COAL PROXIM ATE A N A LYS IS  ^  f
U LT IM A TE  A N A LY S IS  
(a s  r e c e i v e d  b a s i s )  
p e r c e n t a g e
As R e c e iv e d  P e r c e n ta g e P e r c e n ta g e
M o i s t u r e A s h
V o l a t i l e
M a t t e r
F ix e d
C a rb o n
V o l a t i l e
M a t t e r
F i x e d
C a r b o n C H N S O
A I l l i n o i s NR+ 2 . 5 1 4 . 1 3 3 . 7 4 9 . 8 4 0 . 4 5 9 . 6 6 5 . 9 4 . 7 1 . 4 1 . 8 1 2 .1
B I n d i a n a h v b b ^ 6 . 4 1 4 . 0 3 8 . 7 4 0 . 9 4 8 . 6 1 5 1 . 3 8 6 1 . 7 5 . 1 1 . 2 5 . 8 1 2 . 2
C K e n tu c k y hved)^ 4 . 2 1 6 . 5 3 6 .2 4 3 . 1 4 5 .6 5 5 4 . 3 5 6 0 . 7 4 . 8 1 . 2 5 . 5 1 1 . 3
D
P e n n ­
s y l v a n i a m vb^ 0 . 8 1 4 . 6 2 3 . 0 6 1 . 6 2 7 .1 8 7 2 . 8 1 7 3 . 7 4 . 3 1 . 4 4 . 1 1 . 9
E
W e s t
V i r g i n i a h v a b ^ 1 . 6 8 . 1 4 1 . 6 4 8 . 6 4 6 . 1 2 5 3 . 8 8 7 3 . 8 5 . 3 1 . 4 3 .8 7 . 6
F W yom ing h v b ^ 1 . 5 2 . 0 NA NA NA NA 7 5 . 0 5 . 4 1 . 7 0 . 8 1 3 .6
U)
(2)
( 3 )
(4)
D r y ,  A s h - f r e e  b a s i s
* T h e  b a la n c e  o f  t h e  u l t i m a t e  a n a l y s i s  i s  a s h  a n d  m o is t u r e  i n  t h e  a m o u n ts  r e p o r t e d  f o r  t h e  p r o x im a t e  a n a l y s i s  
^ H o t  a v a i l a b l e
H ig h  v o l a t i l e  B b i t u m in o u s ,  m o is t  B t u  p e r  p o u n d  g r e a t e r  th a n  1 3 0 0 0  b u t  l e s s  t h a n  1 4 0 0 0
H ig h  v o l a t i l e  A  b i t u m in o u s ,  d r y  f i x e d  c a r b o n  l e s s  th a n  6 9  p e r c e n t  o n  m i n e r a l - m a t t e r  f r e e  b a s i s ,  d r y  v o l a t i l e
m a t t e r  g r e a t e r  t h a n  31  p e r c e n t ,  m o i s t  B t u  p e r  p o u n d  1 4 0 0 0  o r  g r e a t e r
M e d iu m  v o l a t i l e  b i t u m in o u s ,  d r y  f i x e d  c a r b o n  b e tw e e n  6 9  a n d  7 8  p e r c e n t  o n  m i n e r a l - m a t t e r  f r e e  b a s i s ,  d r y
v o l a t i l e  m a t t e r  b e tw e e n  2 2  a n d  3 1  p e r c e n t
H ig h  v o l a t i l e  b i tu m in o u s
TABLE I I I - 3
A N A LYS IS  OF COAL SAMPLES S U P P L IE D  BY THE PENNSYLVANIA STATE U N IV E R S IT Y
ID E N T IF I ­
C A TIO N
LETTER ORIGIN
RANK
OF
COAL PROXIM ATE A N A LYS IS
U L T IM A T E  A N A L Y S IS **  
( a s  r e c e i v e d  b a s i s )  
p e r c e n t a g e
As R e c e iv e d  P e r c e n ta g e
d . a . f . *
P e r c e n ta g e
M o is t u r e A s h
V o l a t i l e
M a t t e r
F ix e d
C a rb o n
V o l a t i l e  F ix e d  
M a t t e r  C a rb o n C l i  N C l S O
G ' I l l i n o i s h v c ^ 1 2 . 1 0 9 . 5 3 3 5 .7 8 4 2 . 5 9 4 5 . 6 6  5 4 .4 4 6 0 . 5 8 4 . 4 0  0 . 8 9 0 . 0 0 5 .8 5 6 .6 5
H K e n tu c k y h v b ^ S . 54 7 .7 4 3 8 .3 4 4 8 . 3 8 4 4 .2 1  5 5 . 7 9 6 8 . 0 5 . 0  1 .5 2 0 , 0 3 4 . 3 7 . 4 8
I K e n tu c k y h v b ^ 6 .1 1 8 . 3 6 3 7 . 2 5 4 8 . 2 8 4 3 . 5 5  5 6 .4 4 6 7 . 9 9 4 . 7 5  2 . 0 7 0 . 0 1 3 .8 9 6 . 8 4
W
in
(1)
D r y ,  A s h - f r e e  b a s is
T h e  m o is t u r e  a n d  a s h  c o n t e n t s  a r e  t h e  sam e a s  r e p o r t e d  f o r  t h e  p r o x im a t e  a n a l y s i s
H ig h  v o l a t i l e  C  b i t u m in o u s ,  m o is t  B t u  p e r  p o u n d  b e tw e e n  1 1 0 0 0  a n d  1 3 0 0 0 ;  e i t h e r  a g g lo m e r a t in g  o r  n o n - w e a t h e r in g
(2)H ig h  v o l a t i l e  b i tu m in o u s
w<T»
Figure III-l. Perkin-Elmer TGS-1 Thermobalance and UU-1 Temperature 
Programmer.
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Figure III-2. Schematic Diagram of Perkin-Elmer TGS-1 Weighing Mechanism.
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entire weighing mechanism is enclosed in a glass chamber within which 
a nitrogen atmosphere is maintained.
The furnace assembly for the TGS-1 instrument consists of a 
platinum wire wound on a ceramic cylinder. The heating element was 
protected from decomposition products by a ceramic collar and quartz 
wool plug (Brown, 1973). The furnace acts both as a heater and a sensor; 
it is controlled by a signal from the UU-1 temperature programmer.
The TGS-1 thermobalance is designed to be operated in only one 
mode; either weight loss or rate of weight loss may be recorded with 
respect to time or temperature. A Cahn time derivative computer, which 
is shown in Figure III-3, was used to obtain a rate of weight loss 
signal. The weight loss signal from the TGS-1 and rate of weight loss 
signal from the computer were recorded on a two-channel Leeds and Northrup 
recorder.
The TGS-1 furnace should be calibrated in a manner that its 
temperature corresponds to the temperature displayed on the UU-1 
programmer dial.
The temperature calibration for the TGS-1 furnace, as displayed 
on the UU-1 programmer dial, is obtained by observing the magnetic 
transition temperatures for several ferromagnetic standards listed in 
Table III-4. The temperatures at which these standards lose their 
magnetic characteristics are well defined. This transition appears as 
a sharp loss in weight on the recorder chart. The temperature at which 
this behavior occurs is compared with the temperature indicated on the 
programmer dial.
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Figure III-3. Cahn Time Derivative Computer.
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table III-4
MAGNETIC STANDARDS FOR TGS-1 FURNACE CALIBRATION
Metal
Magnetic Transition 
Temperature (®C)
Monel 65
Alumel 163
Nickel 354
Mumetal 395
Nicoseal 438
Perkalloy 596
Iron 780
Hi-Sat 50 1000
The furnace calibration procedure can be summarized as follows;
1. A slow flow of nitrogen is maintained through the glass chamber.
2. A small amount of ferromagnetic alloy is placed on a platinum
sample pan. A small amount of alumina is also added to improve
heat transfer.
3. The sample pan is then suspended on the nichrome wire.
4. The furnace is carefully placed around the sample pan.
5. A magnet is placed around the outside of the glass chamber in such 
a manner that the sample pan does not touch the furnace wall. A 
slight contact is easily recognized by the presence of "spiky" 
noise on the recorder chart.
5, The sample is heated at a rate of heating for which the furnace is 
-to be calibrated.
7. A sharp peak on the derivative weight loss curve is recorded at the
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transition temperature of the standard. Transition temperatures 
for all standards are observed.
8. These indicated temperatures are compared with the actual tempera­
tures for all standards listed in Table III-4. The difference 
between the actual and the indicated temperature is minimized by 
adjusting the dials provided for calibration on the TGS-1 thermo­
balance and the UU-1 programmer.
9. The procedure is repeated with re-adjusted dial settings until the 
deviation from the actual temperature is minimized as much as 
possible.
After dial settings were optimized for minimum difference 
between the indicated and actual temperatures, a temperature correction 
was applied to these indicated temperatures to obtain actual temperature. 
Figure III-4 shows the results of temperature calibration for thermo­
gravimetric experiments made at five heating rates of 160, 80, 40, 20, and 
10°C/min. For each heating rate, the temperature calibration was made 
before the TG runs on coals were made.
For TG experimentation at all heating rates, except 10°C/min, 
at least two runs were made for each coal sample to check repeatability. 
Since longer exposures to pyrolysis products caused failures in the 
furnace, only one TG run for each coal was made at the 10“C/min heating 
rate.
The experimental procedure corresponds to the calibration 
standards listed on the Table III-4 except that the use of a magnet is 
not required. The weight loss and rate of weight loss for coals are 
recorded as the temperature is increased at a constant rate of heating.
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DSC Calibrations 
Energy changes occuring during pyrolysis of coals were measured 
at three heating rates of 320, 160, and 40°C/min on a Perkin-Elmer,
DSC-2 differential scanning calorimeter. This instrument is shown in 
Figure III-5. A discussion on the principle of operation of Perkin-Elmer 
DSC system has been described in the previous chapter. Following are 
the important features of the DSC-2 instrument:
1. Each sample holder (reference and sample) has an individual heater
and a temperature sensor. As discussed earlier this provision is 
the most important feature of direct calorimetric measuring systems.
The holders, which are shown in Figure III-6, are made of platinum-
iridium alloy and are mounted on an aluminum block.
2. A sophisticated temperature programmer allows individual control 
of heating and cooling rates (in multiples of two from 0.31°C/min 
to 320°C/min) within 100 to 1000°K. The programmer has controls 
for either automatic operation or manual operation. Water is 
used as cooling medium for experiments above ambient conditions.
For sub-ambient temperatures, liquid nitrogen or dry ice may be 
used as a coolant.
3. Control dials are located on the instrument that permit baseline 
optimization and temperature and energy calibrations.
4. The differential power required to maintain the 'balance' between 
the sample holder and the reference holder is supplied by a feed­
back temperature control; this output is recorded in millicalories 
per second on the recorder chart. This differential power is 
equivalent to energy absorption or evolution by the sample.
F, '
g s m a a
it^
Figure III-5. Perkin-Elmer Differential Scanning Calorimeter DSC-2.
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Figure III-6. DSC-2 Sample Holder Assembly.
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A Brooks flow controller was installed in the nitrogen flow 
line of the DSC-2 instrument to alleviate difficulties in obtaining a 
baseline of zero-slope within the temperature range 50-727°C (Muhlenkamp, 
1975). Calibrations for temperature and energy are required for the 
DSC-2 instrument.
Temperature Calibration 
The temperature calibration of the DSC consists of heating 
standard materials which have known transition temperatures, such as 
indium and potassium chromate. Since the temperature programmer for 
the DSC-2 is linear, the use of only two of the calibration standards 
listed in Table III-5 is necessary. A transition temperature of a 
standard is observed which is then compared with the known exact transi­
tion temperature. The controls are provided on the instrument for 
minimizing the deviation from the exact transition temperatures of the 
standards. The method for calculating the changes required in the control 
dials is included in the manufacturer's operating manual; it has also 
been discussed in the doctoral dissertation of Duwuri (1974).
It was observed that transition temperatures of indium, potassium 
sulfate, and potassium chromate were within 4°C from the actual tempera­
tures of the standards listed in Table III-5. Therefore, no calibration 
adjustments were made to the factory-adjusted controls.
Energy Calibration 
This calibration consists of measurements of the peak areas 
corresponding to the transition energies and the ordinate displacement 
in the determination of specific heat.
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table III-5
TRANSITION TEMPERATURES AND ENERGIES OF TRANSITIONS 
FOR STANDARDS USED ON THE DSC-2 INSTRUMENT
Material Transition Temperature 
(°C)
Transition Energy 
(cal/gm)
Indium 156.6 6.8
Tin 231.88 14.45
Lead 327.47 5.5
Zinc 419.47 25.9
K-SOj 585.0 + 0.5 7.952 4
K-CrO. 670.0 + 0.5 8.502 4
Peak Area Measurements. A "Range" sensitivity switch located 
on the front panel of the equipment, adjusts the sensitivity of the out­
put signal in millicalories per second on a 10 mv recorder span. This 
sensitivity is accurate to within 5 percent and must remain independent 
from effects of change in mode of operation, sample size, and geometry.
The exact value of sensitivity is obtained by observing the area under 
the transition peak for the Standards listed in Table III-5.
The area under the translation peak of a weighted indium standard 
is measured with a planimeter. The instrument constant, K, which is a 
proportionally constant in the relationship between the actual and indi­
cated range, is calculated as follows:
(Ah  ) (W ) (S)
' (R) (A )in
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where AH^ = heat of transition of standard (mcal/mg)
= weight of indium standard (mg)
R = setting of range control (mcal/sec) on the instrument
divided by chart span in inches
2
A. = area under the transition curve of the standard (in ) 
in
S = chart speed (in/sec)
Ideally, the value of the instrument constant should be unity, 
but this value is not critical since the actual range is obtained by the 
product of the instrument constant K and the range indicated on the 
instrument. However, the 'w calib* control located on the instrument 
may be adjusted to make the value of K = 1.
After the value of the instrument constant is obtained, the
transition energy of the sample can be calculated by the relation
(K) (R) (A )
'  m  m F Vsamp samp
where Ah^ = heat of transition for sample (mcal/mg)
W = weight of sample (mg)samp
S = recorder chart speed (in/sec)S3inp
K = instriament constant
R = indicated range setting divided by chart span in inches
2
A = area under sample transition curve (in )samp
The sensitivity calibration can be made simultaneously with the 
temperature calibration since the standards required for both are 
the same. This energy calibration must be made when studying samples 
which go through sharp transitions like melting, fusion, crystallization, 
etc., on the DSC-2.
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Ordinate Displacement. A standard (AlgO^) of known specific 
heat is requi.red to calibrate the ordinate displacement recorded on the 
chart paper. The method is as follows:
1. The baseline (no sample) must be optimized before the sapphire scan. 
This no-sample baseline is a reference line with which the sample 
displacement is compared at all temperatures.
2. A weighed sample of sapphire (Al^O^) is placed in a gold sample pan
(the pan must be the same as the one used for the baseline).
3. The sample pan is placed in the sample holder in the same orienta­
tion as it was originally placed before the baseline scan. The
platinum holder cover is also placed on the holder.
4. Controls set for the baseline scan must remain the same.
5. After a few minutes at the lower limit, the temperature scan is
initiated at the heating rate at which the calibration is desired.
The ordinate displacement constant can be calculated from
a Dsap
where = weight of sapphire (mg)
Op = specific heat of sapphire (mcal/mg-°C)Sâp
Dsap = displacement for sapphire scan from the baseline scan 
(mm)
Specific heat is obtained from Figure III-7 in which the 
dependence of specific heat on temperature is reported-
The constant does not change with temperature and is propor­
tional to the heating rate and sensitivity setting on the DSC. The 
ordinate calibration constant changes approximately by the same factor
0.30
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Figure III-7. Effect of Temperature on Specific Heat of 
Sapphire.
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as the heating rate changes. For the same sensitivity setting on the
instrument, as the heating rate is doubled, the value of this constant
is approximately halved. The values of ordinate calibrations for the
three heating rates are reported in Table III-6.
After the constant K, is known, the procedure is repeated usinga
the sample instead of sapphire. The dependence of sample specific heat 
with respect to temperature is known by making displacement measurements 
at various temperatures and using the following relationship:
^ samp
where D = displacement of sample scan from baseline scan (mm) at 
samp
the temperature for which the specific heat of the 
sample is required 
^samp ~ weight of sample (mg)
*"^samp ~ specific heat of sample (mcal/mg - ®C)
The temperature and energy calibrations were checked three 
times during the course of the DSC experimentation on coal pyrolysis.
Experiments With Coal 
The weight loss and rate of weight loss curves for coal obtained 
on the TGS-1 thermobalance were reproducible for runs made at the same 
heating rate up to 1000®C. However, measurement of the energetics of 
coal pyrolysis on the DSC-2 instrument presented a number of problems:
1. Large sample and baseline deflections were observed due to experi­
mentation over a wide temperature range-
2. Baseline drift during the sample scan.
T a b le  I I I - 6
VALUES OF O RDINATE C A L IB R A TIO N  CONSTANT ( K j )  A T  D IF F E R E N T  H E A TIN G  RATES FOR DSC
HEA TIN G
RATE
“C /m in
H E IG H T  OF 
SAPPH IR E  
SAMPLE, mg
TEMPERATURE
«K
DIFFE R E N C E  BETWEEN 
THE S APPH IR E SCAN 
AND THE B A S E LIN E  
SCAN AT TEMPERATURE* 
( i n  N um ber o f  C h a r t  
D i v i s i o n s )
S P E C IF IC  HEAT 
A T TEMPERATURE 
c a l /g m -® C
O R D IN A TE
C A L IB R A T IO N
CONSTANT
K d * *
3 2 0 1 9 .5 8 4 5 0 5 8 . 9 .2 3 8 3 5 . 0 7 9 2
3 2 0 1 9 .5 8 9 0 0 7 1 . 3 .2 8 7 9 1 .0 7 9 0
1 6 0 1 9 .5 6 9 0 0 3 6 .1 .2 8 7 9 1 ,1 5 6 0
4 0 1 9 .5 8 9 0 0 8 . 5 .2 8 7 9 1 .6 6 3 0
en
K)
A . L e e d s  a n d  N o r t h r u p  C h a r t  N o . 9 9 0 1 7 3  (1 0 0  d i v i s i o n s  i n  2 5  cm s p a n ) w as  u s e d  f o r  a l l  t h e  DSC r u n s .  H o w e v e r ,  
t h e  s e n s i t i v i t y  s e t t i n g  on  th e  i n s t r u m e n t  w as  2 0  m c a l /s e c  a n d  t h e  r e c o r d e r  f u l l  s c a l e  w as  2 0  mv f o r  a l l  DSC 
r u n s .
* T h e  c o n s t a n t  (K ^ ) h a s  u n i t s  o f  c a l o r i e s  p e r  c h a r t  d i v i s i o n  p e r  * C .  T h e r e f o r e ,  t h e  i n s t r u m e n t  s e n s i t i v i t y
m u s t b e  m e n t io n e d  w i t h  t h e  v a lu e  o f  t h e  c o n s t a n t ,  a s  d o n e  h e r e  b y  t h e  a b o v e  f o o t n o t e .
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3. Determination of the scan up to 727°C (the maximum operating tempera­
ture of the DSC-2) at which temperature the pyrolysis of the coal 
samples should be essentially complete.
The following discussion describes the attempts to solve the 
problems listed above.
DSC operation over a wide temperature range (323-1000°K) resulted 
in a large deflection during the baseline and sample scans. A DSC set­
ting of 20 mcal/sec and recorder chart range of 20 mv full scale were 
used for all experimental runs. It was observed that a large deflection 
occurs between the baseline isothermal level and the scan level, when 
the heating mode is initiated. This deflection is increased with an 
increase in heating rate; it is also affected by a change in the weight 
balance of the sample and reference holders. The amount of this deflec­
tion decreases when the thermal mass on the reference holder is decreased. 
The reference holder usually contains an empty, clean, gold sample pan 
and a gold lid in balance with the sample holder during DSC experimenta­
tion. Since no reference sample material (as in DTA) is required for 
DSC work, the thermal mass of the reference holder could be varied to 
advantage. Therefore, only a sample pan lid was used in the reference 
holder for 320°C/min DSC experiments, and an empty clean sample pan with­
out a lid was used for 160°C/min and 40“C/min DSC experimental runs to 
reduce the amount of deflection when the scan is initiated. Since all 
measurements are made relative to a baseline obtained under the same con­
ditions as the sample run, this arrangement does not affect the results.
It only shifts the scan on the chart paper. This shifting of the scan 
by 10 percent of the chart width was found to be very useful because the
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millivolt output range of the DSC-2 equipment was limited to approximately 
67 divisions from recorder zero in either direction with the recorder 
setting of 20 mv full-scale and DSC sensitivity setting on 20 mcal/sec. 
These problems emphasize the importance of sample size selection (usually 
1.80 to 2.0 mg) for experimental work since the magnitude of chart deflec­
tion observed during the DSC sample scan is related to the sample size.
In fact, for a scan of some samples (for example sample E, G and I) a 
smaller sample size than the usual (1.80 + 0.005 mg) was used to avoid 
exceeding the output range during DSC experimentation at the 320°C/min 
heating rate.
The problem of baseline shift in DSC experimental work has been 
discussed by Havens (1969). The baseline is a reference line against 
which the behavior of the sample deflection is compared. The baseline 
establishes levels of heat losses from the system that would occur with­
out the sample. If any change in the heat losses established by the 
baseline occurs, the baseline changes. In order to keep this level of 
heat losses the same, the conditions for the baseline must be exactly 
repeated for the sample scan and should remain the same during the sample 
scan. Unfortunately, most organic solids (including coal) liberate 
heavy products during decomposition. These products condense on the 
cooler areas of the sample holder system during the sample scan, such 
as the sample cover. Condensation changes the heat loss levels observed 
during the baseline scan as well as the baseline level during the sample 
scan. The variations in the heat losses are due to changes in the 
surface emissivity of the sample holder cover, (Havens, 1969, estimated 
that a change in emissivity of only 10 percent would result in a
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discrepancy in the differential heat measurement of an order of magnitude 
greater than the transition heat being monitored). If the pyrolysis 
products are removed as quickly as they are given off by the sample, 
they cannot condense on the cover. For this reason, a high rate of 
nitrogen flow of 110°cc/min was maintained during the DSC experimental 
work in this project. With a nitrogen flow rate higher than 110°cc/min, 
the DSC thermogram became excesssively "noisy."
Another approach to avoid baseline shift is to start the experi­
mental work with a sample holder cover whose emissivity equals the sur­
face emissivity of the holder cover at the end of the sample scan so 
that the heat transfer characteristics of the cover do not change. Several 
heat-resistant paints were applied on the sample holder cover in the pres­
ent study but were found to deteriorate because of the high temperatures 
in the coal experiments. In this work, the problem was alleviated some­
what by darkening the cover with "Oildag," a suspension of graphite in 
petroleum oil (Acheson Colloids Company). This coating should have an 
emittance comparable to the coal decomposition products. The surface of 
the sample holder cover was first coated with paint and then oxidized to 
provide a surface on which the "Oildag" would adhere. The "Oildag" 
coating was then applied to the inside of the cover. It was first 
heated in an oven for a minimum period of one hour and then baked in 
the DSC at the maximum operating temperature of the instrument (1000°K) 
until no further vaporization could be observed from the coating. This 
coating adhered well to the cover of the holder and was also found to be 
quite resistant to high temperatures. Because of progressive degrada­
tion of the coating during a run and cleaning of the covers between
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sample runs, a new coating was applied every 3 to 4 runs. Only one 
cover (sample holder) was coated on the inside during preliminary experi­
mentation. Subsequently, it was observed in experimentation that both 
covers had to be fully coated (inside and outside). All calibration and 
sample runs except nine runs (one for each sample) at 160°C/min heating 
rate were made with fully-coated covers. The first nine runs were made 
with the coating only on the inside of the sample holder cover.
In order to determine the extent of coal pyrolysis at the end 
of the scan and to develop a consistent procedure for DSC experimentation 
on coal, it was decided to perform experiments initially on one coal 
sample. The coal sample H was selected since several runs, not neces­
sarily of the same sample size, had been made at the time of decision. 
Also, since the magnitude of the DSC output signal is dependent on the 
coal sample size, the sample size was restricted to 1.90 +, 0.05 mg during 
these experiments. Experimental runs were made at 160°C/min heating 
rate with a partially coated (inside only) sample holder cover.
Several runs were made with coal samples over the temperature 
range 50-727°C. Some isothermal runs at 727°C were also made. The 
procedure for scans was similar to that described for the ordinate cali­
bration run of sapphire. The baseline for both the scan and isothermal 
section were obtained; the procedure was repeated for coal sample H.
The following observations were made from these experiments.
1. Over the temperature range, 50-450°C, the difference between the 
baseline and the sample level remained approximately the same 
for all runs. This difference indicates that over this tempera­
ture range, the emmissivity of the sample holder cover does not
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change, and therefore, the baseline does not change.
2. Figure H-1 in Appendix H shows a rate of weight loss curve with 
respect to temperature for coal sample H obtained on the TGS-1 at a 
heating rate of 160°C/min. It is indicated by the figure that the 
maximum devolatilization of the coal sample occurs at 525®C and con­
tinues up to about 650®C. Within the temperature range 450-550®C, 
the maximum sample weight loss occurs as the products are liberated, 
they condense on the cover, changing its emissivity and causing the 
baseline to drift upward.
3. After the scan, the sample was held isothermally at 727®C. At this 
temperature, further degradation of the sample is very slow, as was 
observed by weighing the sample at the end of the isothermal runs 
held for different lengths of time.
4. After a period of 2 to 4 hours at 727°C, the final energy level of 
the sample scan gradually returns close to the final isothermal base­
line level. This behavior is due to degradation of products condensed 
on the sample holder cover during the scan and, simultaneously, a 
very slow degradation of the charred coal sample. To verify these 
observations, the weight changes of the sample holder cover were 
monitored for several runs. The cover, which was coated on the 
inside with "Oildag," gained some weight during the sample scan and 
lost weight during the isothermal section of the run. These weight 
changes indicated that volatiles condense on the cover during the 
scan and degrade during the isothermal part of the run. Thus, iso­
thermal runs at 727®C cannot yield a reliable result since the DSC 
thermogram obtained during the isothermal period also relates to
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degradation of the condensed coal-devolatilization products. Degrada­
tion of the charred coal sample contributes very little to this 
effect since the weight loss of the coal sample during the isothermal 
portion of the run was very small. This negligible weight loss indi­
cates that pyrolysis of the sample is completed during the scan.
5. When the sample and reference holder covers are coated with "Oildag" 
on both the inside and outside, the final energy level (at this end 
of the sample scan) was closer to the baseline level than the final 
energy level attained with a single, partially-coated cover. This 
closer approach to the baseline level is due to a decrease in the 
emissivity change during the sample scan.
The observations from DSC experiments on coal sample H should 
be applicable to all of the other coal samples investigated in this 
study because most of the coal samples are of the same, high-volatile 
bituminous, type. Thus, it appears that the coal devolatilization is 
completed during the scan up to 727°C at a heating rate of 160°C/min.
Since only small amounts of products are evolved during the early part 
of the scan (50-450°C), the baseline does not change in this region.
On the other hand, the baseline does shift (even when two fully "Oildag" 
coated covers were used) over the temperature range 450-727°C due to 
condensation of the pyrolysis products on the sample holder cover. To 
summarize, the problem of baseline shift could not be completely solved. 
Therefore, the DSC scans for all coal samples were corrected for the 
baseline shift. The procedure for this correction will be described in 
the next chapter.
CHAPTER IV
RESULTS
In this chapter the pertinent results from the thermogravimetric 
analyses and differential scanning calorimetry for the nine coal samples 
will be presented and, where possible, will be compared with related 
studies'by others. Complete thermograms and supporting data are given 
in the appendices.
Thermogravimetric Analysis of Coal 
The experimental procedure for thermogravimetric analysis des­
cribed in Chapter III was used to obtain weight loss and rate of weight 
loss thermograms for nine coal samples described in Tables III-l and
III-2. The TGA data during pyrolysis of coals were obtained at heating 
rates of 160, 80, 40, 20 and 10®C/min on a Perkin-Elmer TGS-1 thermo­
balance over a 25-1000°C temperature range. To assure consistency and 
reproducibility, at least two runs were made for each sample at each 
heating rate except only one run was made at the 10°C/min heating rate.
After obtaining the raw TG curves on the recorder, these curves 
are converted to actual weight loss and rate of weight loss as a function 
of temperature. Since the recorder readings are directly proportional 
to the weight remaining in the sample pan, this conversion is straight
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forward with knowledge of the initial and final sample weights. The 
conversion of the rate-of-weight-loss recorder readings to actual rate 
of weight loss readings is based on the area under the rate of weight 
loss curve. On a curve of the derivative of non-dimensional weight 
with respect to temperature, dW/dT vs. temperature, the area under the 
curve must equal unity. Using this principle, the recorder readings are 
converted to rate of weight loss readings by setting the area under the 
non-dimensional rate of weight loss curve to unity. All temperature 
readings are corrected to the calibration temperatures by least squares.
A typical run has been shown for each of the heating rates 
studied in this work in Appendices A through I. The experimental runs 
of the thermogravimetric analyses of coal Sample A are shown in Figures 
A-1 through A-5 of the Appendix A. Similarly, TGA results for other coal 
samples (B through I) are shown in Appendices B through I. Details of 
all TG runs (such as, sample, residue weights, and other pertinent 
information) made in this project are presented in Table J-1 of Appendix 
J.
From thermogravimetric runs for all coal samples, the following 
observations were made:
1. It was observed that most of the coal sample weight loss occurred in 
the approximate temperature range of 400-700°C.
2. The difference between the initial sample weight and the final resi­
due weight indicated that about the same percentage of initial weight 
of a coal sample was lost at the end of TGA runs made at different 
heating rates.
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3. Most coal samples lost about 25 to 45 percent of the original sample 
weight during a heating cycle (ambient to 1000°C). Among all samples, 
a medium volatile coal Sample D was observed to lose the lowest 
amount of the sample weight (25-30%). The other eight coal samples, 
which were ranked as high volatile (Tables III-2 and III-3) lost 
approximately 30 to 45% of the sample size.
4. With the exception of Sample D, all coal samples either contract or 
show no volumetric change upon heating at different heating rates. 
Pennsylvania coal Sample D expanded when heated at high rates of 
heating (160*C/min and 80°C/min). At other heating rates the coal 
Sample D showed no observable volume change. This observation is 
in agreement with the observation reported by Johnson and Auth 
(1951) for lower volatile coals.
5. When DTG curves of all samples obtained at one heating rate are com­
pared, it is observed that the tempertuare at which maximum rate of 
weight loss occurs is higher for coal Sample D - a medium volatile 
Pennsylvania coal - than those for other coal samples. Van Krevelen, 
et. al. (1956), have reported that the temperature of maximum devola­
tilization increases with decrease in volatile matter content. 
Therefore, the observation for coal Sample D is consistent with that 
reported by Van Krevelen, et. al. (1956). A relationship between 
the temperature of maximum devolatilization and rank (or percent 
fixed carbon d.a.f.) of the coal could not be presented here because 
the coal samples selected for this investigation do not show suffi­
cient variation in percentage fixed carbon or volatile matter content.
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6. In Figures IV-1 through IV-18, the effect of heating rate on the 
TGA curves of all nine samples is presented. The DTG curves for 
all samples are shown only in the temperature range over which high 
weight losses occur in order to show distinguishable peaks for all 
heating rates. It is observed from these figures that the TGA 
curves are shifted to higher temperatures with increasing heating 
rates. Therefore, the temperature at which the maximum weight loss 
occurs also shifts to a high value with the increasing heating rate. 
Other investigations have reported similar observation for coals 
(Van Krevelen, et. al., 1956; Brown, 1957; Howard, 1963), for woods 
(Havens, 1969; Muhlenkamp, 1975; Duwuri, 1974), and for plastics 
(Woodard, 1974). TGA curves for 10°C/min are not shown on Figures
IV-1 to IV-18, since the 10°C/min TG and DTG curves follow the 
20®C/min TGA curves very closely. The data for 10°C/min may be 
obtained from Figures 5 of Appendices A through I for coal Samples A 
through I or from Table J-1 of Appendix J.
The weight loss and rate of weight loss thermograms of all coal 
samples are similar to TG and DTG curves obtained by several investiga­
tors, (Havens, 1959; Brown, 1972; Muhlenkamp, 1975; Woodard, 1974) for 
woods, wildland fuels, and plastics. They used a thermal decomposition 
kinetic model, originally proposed by Goldfarb, et. al. (1968), in their 
studies. The same model was used to process the TGA curves of coal 
samples. The model is described below:
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Figure IV-3. Effect of Heating Rate on TG (Height Loss) Thermogram
for Coal Sangle B. (From Figures and
B-4 of Appendix B).
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Figure IV-9. Effect of Heating Rate of TG (Height Loss) Thermogram
for Coal Sample E. (From Figures E-1, E-2, E-3, and
E-4 of Appendix E).
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Weight-Loss) Thermogram for Coal Sample P. (From
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for Coal Sangle G. (From Figures G-1, G-2, G-3, and
G-4 of Appendix G).
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Figure IV-17. Effect of Heating Rate on TG (Height Loss) Thermogram
for Coal Sample I. (From Figures I-l, 1-2, 1-3, and
1-4 of Appendix I).
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Figure IV-18. Effect of Meeting Rate on Differential TG (Rate of
Height-Loss) Thermogram for Coal Sample I. (From
Figures I-l, 1-2, 1-3, and 1-4 of Appendix I).
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where W = weight fraction =
w - w.
(IV-2)
-1,A = pre-exponential factor (min )
E = Activation energy (cal/gm - mole) 
T = absolute temperature (®K)
R = gas constant (cal/mole °K) 
t = time (min) 
w = weight at time t (mg)
w^ = initial weight of sample (mg) 
w^ = final weight of sample (mg)
n = order of reaction 
After substituting for W and taking logarithms, the model
becomes: 
log f  I
[  ”o - ”f y
= log A - 2.303 RT
which is of the form: y = B + Cx + Dz
+ n log
w
-  "f
wo
■  \
(IV-3)
(IV-4)
where y = log[-1 dwjw - w_ dt If J
X  =
2.303 RT
2 = log
w - w.
w^ -
B = Log A 
C = -E 
D = n
A least squares technique was applied to the experimental data. 
The resulting simultaneous equations were solved with a Gauss-Jordan
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numerical technique to obtain values of log A, E, and n. A set of values 
of parameters for a sample may be obtained either by considering data of 
all heating rates or by considering TGA data of runs made at one indivi­
dual heating rate. Table IV-1 lists the values of kinetic parameters for 
160, 80, 40, 20, and 10°C/min heating rates and values obtained when data 
for all runs were considered collectively. For each sample the experi­
mental data from two runs were considered for obtaining a set of kinetic 
parameters. Since only one run was made at 10®C/min, data from only 
one run were used to obtain the values of log A, E, and n at 10°C/min.
Effect of Heating Rate on Kinetic Parameters 
For thermal decompositions of punky wood and cellulose, Muhlenkamp 
(1975) observed that kinetic parameters and heating rate are related by 
the expression:
C2
[KP] = C^(HR) (IV-5)
where [KP] = value of kinetic parameter (log A, E, or n)
HR = heating rate (°C/min) 
and are constants of the equation
The Equation IV-5 implies that a log-log plot of kinetic para­
meters vs heating rate is a straight line with a slope of and inter­
cept equal to logarithm of C^. However, this relationship did not hold 
for the coal pyrolysis in this study.
'A
Comparison Between the Experimental and 
Calculated TGA Data 
The values of parameters log A, E, and n may be used in the 
model described by Equation IV-1 to calculate weight loss and rate of
Tabla IV-1
KINETIC PARAMETERS OF COAL SAMPLES FOR HEATING RATES STUDIED IN THIS PROJECT
SAMPLE PARAMETER HEATING RATE. •C/mln
160 80 40 20
(a)
10 Overall
(b)
A Log A 4.11 2.20 1.62 0.6 0.72 1.96
E 13918.63 8785.6 7427.3 5261.0 6463.6 8200.9
n 1.79 1.34 1.42 1.10 1.33 1.38
B Log A 3.05 3.55 1.66 0.41 0.25 1.80
E 10429.3 12557.8 7287.8 4506.7 5050.11 7696.6
n 1.47 1.59 1.24 1.01 1.03 1.28
C Log A 3.32 2.15 1.11 0.073 0.81 1.40
E 11108.0 8280.1 5742.2 3389.2 6444.0 6403.6
n 1.52 1.33 1.07 0.9985 1.25 1.21
D Log A 4.29 3.42 3.49 1.01 1.72 3.64
E 15507.1 13236.4 14160.4 7170.8 10353.1 14538.5
n 1.62 1.45 1.63 1.03 1.39 1.67
E Log A 5.04 4.95 3.53 2.50 2.64 5.00
e 16620.6 17120.33 12981.9 10719.9 11899.4 17462.1
n 1.79 1.89 1.70 1.56 1.73 2.09
r Log A 2.97 2.36 1.29 0.48 0.50 1.92
E 10485.0 9288.3 6567.4 5218.1 5953.5 8454.1
n 1.42 1.34 1.18 0.98 1.15 1.34
G Log A 2.95 2.51 1.10 0.47 0,13 1.66
E 10235.4 9513.2 5923.2 5006.8 4888.0 7619.5
1.37 1.40 1.08 0.95 0.91 1.22
H Log A 4.13 3.54 1,87 2.10 0.26 ?.54
E 13838.61 12606.0 7926.9 9822.5 5077.9 10064.4
1.65 1.62 1,38 1 53 1.02 1.48
X Log A 6.62 6.23 1.84 1.37 0.61 2.79
E 24927.0 20709.5 7842.1 7387,3 6042.5 10721.4
2.38 2.46 1.30 1.29 1.19 1.56
COW
(a) The data (or the heating rate of 20*C/nln do not follow the quite orderly trenda In the kinetic 
pararaotera for the other heating rates.
(b) The overall values do not have any significance other than to indicate relative stagnitudee of 
the kinetic parameters for the various coals. For example, in Coal Sample B the overall value 
for log A le obviously not an "average" value, thie aberration ie inherent in the regreasion 
analysis and has been encountered by othere before.
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weight-loss data at different temperatures. With the parameters listed 
in Table IV-1 for heating rates 160, 40, and 10°C/min, the weight loss 
cind rate of weight loss were calculated for coal samples A, E, and H 
over the entire temperature range of 100-1000*C of TG experiments. The 
calculated data for three coal samples are shown in Figures IV-19 through 
IV-27 with the experimental data obtained at 160, 40, and 10°C/min 
heating rates. It is observed that weight loss and rate of rate weight 
loss calculated from the kinetic parameters listed in Table IV-1 do not 
fit well to the experimental data, especially at lower and upper tempera­
ture ranges of the DTG curve. Though the exact temperatures at which 
the maximum devolatilizations take place compare closely for both experi­
mental and calculated curves, the calculated value of maximum devolatili­
zation is lower than the experimentally observed value in all cases of 
Figures IV-19 through Figure IV-27. It must be noted, from the experi­
mental TGA curves, that over the initial temperature rainge of the scan 
(25-400°C) only small percentages of the weight loss take place. Most 
of the weight loss occurs over a temperature range between 400-700°C. 
Then, the weight loss decreases considerably in the temperature 
range of 700-1000°C. Since data from the entire temperature scan were 
used to compute the kinetic parameters listed in Table IV-1, the kinetic 
parameters are the best fit for the entire temperature range. The net 
effect of computing a set of kinetic parameters with largely differing 
experimental weight loss data is that the kinetic parameters describe 
only the average behavior over the entire temperature range. This rea­
son possibly explains the departure between the experimental and calcu­
lated curves shown in Figures IV-19 through IV-27.
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One approach to improve the comparison between the experimental 
and calculated curves is to obtain a set of kinetic parameters using the 
experimental data for the temperature range where most of the coal devola­
tilization occurs. In other words, initial and final parts of the weight 
loss curves must be neglected from consideration. These initial and 
final ends of the curve show low rates of weight loss and are, therefore, 
less accurate. The initial weight loss also includes weight loss due to 
moisture removal from the sample. Thus, using the experimental data of 
the high rate of weight loss sections (which usually occurred in the 
temperature range 400-700*0 of the TGA curves, revised sets of kinetic 
parameters were computed for coal Samples A, E, and H for three heating 
rates (160, 40, and 10“C/min). These sets of kinetic parameters are 
listed in Table IV-2. As discussed, this approach for comparison 
required that the weight loss data from the ends (initial and final sec­
tions) be neglected for computation. The percentage weight loss data 
that were not considered for the computation of kinetic parameters are 
also reported in Table IV-2. For example, the kinetic parameters for 
coal Sample E were obtained from the middle 68 percent weight loss data; 
the initial 16 percent and final 16 percent of the experimental weight 
loss data were not considered for computation. The calculated TGA curves 
were calculated from the kinetic parameters listed in Table IV-2 and 
are shown on Figures IV-28 to TV-36 for three coal samples and three 
heating rates. 'It is observed from these figures that calculated and 
experimental data, in the temperature range where high rates of weight 
loss are observed, compare better than shown in Figures IV-19 to IV-27.
Table IV-2
REVISED KINETIC PARAMETERS FOR COAL SAMPLES-A, E AND H
COAL
SAMPLE
HEATING
RATE
°C/min
WEIGHT 
PERCENT NEGLECTED
KINETIC PARAMETER
From
Front
From 
the End Log A E n
A 160 8.0 8.0 7.81 25659.1 3.07
40 8.0 8.0 13.93 44542.7 6.12
10 16.0 16.0 9.93 34217.0 4.89
E 160 16.0 16.0 10.18 34519.8 1.67
40 16.0 16.0 10.22 34102.5 2.90
10 15.0 16.0 12.99 43185.7 4.47
H 160 20.0 20.0 14.15 47134.7 3.32
40 20.0 20.0 15.94 51786.6 4.69
10 20.0 20.0 18.25 60340.2 6.13
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This improvement in the comparisons between theory and experiment 
for the three coals and three heating rates suggests that it is possible 
that three sets of kinetic parameters may be required to describe the 
entire experimental TGA curves for each sample and for each heating rate. 
In other words, a separate set of kinetic parameters for each of the 
initial, mid, and final sections of the TG and DTG curves is indicated.
Differential Scanning Calorimetry of Coal
After the DSC experimentation on coal Sample H was completed (as 
described earlier), DSC runs were made on the other eight coal samples 
at heating rates of 320, 160, and 40°C/min. In order to compare runs made 
with different coating conditions, one run with a partially (only inside 
of the sample holder cover) "Oildag" coated cover and one run with a 
fully coated cover for each sample were made at. a heating rate of 160°C/ 
min. Two runs with fully coated covers were made for each sample at 320 
and 40°C/min heating rates. Data related to all DSC runs are tabulated 
in Table J-2 of Appendix J.
Figures IV-37 and TV-38 show DSC runs as obtained on the recorder 
chart paper. In Figure IV-37, a run for coal Sample H is shown as 
obtained on the DSC-2 at a heating rate of 160°C/min. It is represen­
tative of runs which showed an acceptable level, according to the DSC-2 
instruction manual, of baseline shift (defined as the difference between 
the final energy levels of the sample scan and baseline scan at 727°C). 
Other runs which showed an acceptable baseline shift (+5 chart divisions) 
were run 82 (coal Sample C at 160®C/min) and run 141 (Sample H at 320°C/ 
min). These sample scans showed, as seen in Figure TV-37, a swing to 
the exothermic direction during the temperature scan.
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It was observed for most DSC runs that the final energy level, 
at 727°C, was considerably higher than the final energy level established 
at the end of the baseline scan. Figure IV-38 is representative of the 
majority of DSC runs that showed a large baseline shift. A run for coal 
Sample A, as obtained on the chart, is shown in Figure IV-38 in which the 
difference between the sample energy level and baseline energy level at 
727®C was 37 divisions in the endothermie direction. Also, the sample 
scan stayed above the baseline scan (endothermie direction) during the 
temperature scan at 150°C/min. Condensation of devolatilization products 
on the sample holder cover is the most obvious reason that the final 
energy level attained at the end (727°C) of the baseline scan (as shown 
by point 2 in Figure IV-38) shifts gradually during the sample scan and 
eventually ends up at a considerably different level (as shown by point 3 
in Figure IV-38). This shift in baseline occurs because of changes in 
the radiation heat transfer characteristics resulting from the condensa­
tion of pyrolysis products. These products evolve from the coal sample 
at a rapid rate during the 400-700°C temperature range and condense on 
the sample holder cover. The importance of the repeatability of these 
heat loss characteristics during the sample scan on the results from DSC 
has been discussed by Havens (1969) , Brown (1972) , and Duwuri (1974) . 
Havens (1969) states that a 10 percent difference in radiation heat trans­
fer characteristics at 400°C increases the differential energy requirement 
by a factor of 23 compared to the energy requirement for a typical transi­
tion, thereby completely masking this effect. (Rogers and Morris, 1966, 
have emphasized the effect of emissivity change on the DSC measurements.) 
Thus, it is essential that the radiation characteristics remain the same
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for both the baseline and sample scans. Any changes in the radiation 
characteristics are indicated at the end of the scan; for example, the 
difference in the ordinate at 3 and 2 in Figure IV-38 represents the 
magnitude of the shift. The operating manual suggests that if this shift 
is small (baseline shift of about 5 divisions, as in Figure IV-37, was 
considered small), a "correction" can be made with confidence. Neverthe­
less, even though the baseline shift for most of the DSC runs exceeded 
5 divisions, the following correction procedure was employed as the only 
alternative for interpreting the data;
1. A "heat-loss level" line (horizontal) drawn by connecting the initial 
energy level (at 50°C) and final energy level for the baseline scan.
In Figure IV-38 this line establishes the heat transfer characteris­
tics for the baseline scan.
2. A temperature, T^, from which the sample scan is to be corrected is 
located on the "heat-loss level" line. The temperatures for cor­
recting all DSC runs are listed in Table J-2. For most DSC runs, the 
temperature, T^, was arbitrarily selected in the range of 434-475®C, 
where most of the volatilization takes place. For some runs analyzed 
in the early part of this project, these runs were corrected from 
the temperature at which the difference between the baseline scan 
and the sample scan began to increase. This increase in difference, 
however, always occurred within the temperature range 400-500°C.
For the run shown in Figure IV-38, T^ was chosen as 434°C.
3. A "corrected heat-loss level" line is drawn by connecting the tempera­
ture point T^ on the heat-loss level line with the final energy 
level for the sample scan. (See line joining T^ and 3 in Figure 
IV-39).
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4. The sample scan was shifted within this temperature range (434 to 
727®C) range, towards the baseline at all temperatures by the 
amount of difference (in number of chart divisions) between the 
"heat-loss level line" and "corrected heat-loss level line" at 
each temperature.
All runs for coal samples were corrected in this manner. Two 
runs (one run for each of 320°C/min and 160°C/min heating rates for coal 
Sample H) showed final energy level of the sample scan lower (3 or 5 
divisions) than the final energy level for baseline scan. In these 
cases the baselines were shifted upward in the endothermie direction.
It is important to know here that the correction applied to 
the DSC curves of this work is not the same as the correction for weight 
changes applied to DTA and DSC cell thermograms by other investigators. 
For the reasons already described, the thermograms obtained by conven­
tional DTA methods ('Standard DTA' or 'Boersma Type') have to be cor­
rected for weight change where material undergoes pyrolysis. It is not 
necessary to correct the thermograms obtained by a Perkin-Elmer DSC-2 
for mass changes because (1) the output curves are directly in terms 
of differential energy calculated (per unit original weight of coal) by 
measuring the deflection of the sample scan from the level of the base­
line scan and (2) principle of operation of DSC-2 is not dependent on 
the measurement of differential temperature.
The corrected DSC thermograms are shown for nine coal samples 
in Figures 6, 7, and 8 of Appendices A through I. For example, DSC 
thermograms for coal Sample A obtained at 320°C/min, 160°C/min and 
40°C/min are shown in Figures A-6, A-7, and A-8 of Appendix A, respec­
tively. Since the change in heat losses was assumed linear over the
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temperature range (T^ to 727°C) for correcting the DSC curves, it is 
desirable that all runs made at one heating rate be tested for repro­
ducibility; therefore, all corrected DSC thermograms are presented in 
the following discussion.
Each of Figures IV-39 through IV-65 show two corrected DSC runs 
obtained for each sample at the same heating rate. Figures IV-39 through 
IV-47 show thermograms obtained for coal samples at 320°C/min. The cor­
rected DSC runs made at 160°C/min are shown in Figures IV-48 through 
IV-56 and 40°C/min thermograms are shown in Figures IV-57 through IV-65. 
Most of these figures present comparison between two identically obtained 
DSC runs. Since one run with fully coated covers and one run with parti­
ally coated covers were made at 160°C/min for Samples B through I, the 
Figures IV-48 through IV-56 show comparisons between two runs obtained 
with different coating conditions but at the same heating rate. For 
most of the runs, the value of was selected at 434°C, the temperature 
at which the correction for baseline shift was initiated. However, in 
some cases where the onset of decomposition was delayed, a higher value 
of was selected. In these cases (Figure IV-52, -56, -57, -58, -59) 
the values of for the two runs being compared were different and are 
so indicated on the figures. For some runs, for example, run 125 
(Sample A, 320°C/min) , run 173 (Sample E, 40°C/min) , run 81 (Sample I, 
160*C/min), etc., deflections large enough to exceed the DSC-2 millivolt 
output range were observed during the sample scan or at the end of the 
sample scan due to baseline shift. In cases where the final energy level 
for the sample scan could not be located because the output exceeded 
the range of instrument, the range limit was considered as the final
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of 40"C/min for Coal Sample G.
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sample energy level. These scans, therefore, were corrected for 5 to 7 
fewer divisions. For two runs, run 81 (Sample I, 160“C/min) and run 173 
(Sample E, 40®C/min) the deflection exceeded the output range during the 
sample scan, and, therefore, the complete curves could not be shown on 
Figures IV-56 and IV-61.
The following observations were made from Figures IV-39 through
IV-65;
1. The shape of the curve was the same for scans obtained at one heat­
ing rate. A scan for coal Sample B was not observed to follow 
this observation for reasons that could not be explained. DSC 
theicnograms obtained at 160“C/min showed a large number of small 
peaks and valleys for coal Samples C, D, and G on one run but 
these peaks were absent on the other scan. This lack of repro­
ducibility of small peaks is probably due to inhomogeneities 
caused by small sample sizes that must be used in the DSC system.
2. In general, the comparison between repetitive runs indicates that
the resulting DSC thermograms are similar quantitatively up to a 
temperature of 500 to 600°C but are displaced quantitatively to 
varying degrees from an insignificant amount to as much as a 
factor of 2. The reason for this variation among the coal samples 
is not known; possibly the energy level shift may be due to a 
change in coating conditions between the runs or due to inherent 
differences in applying new coatings (covers were recoated every 
three or four runs).
3. Figure IV-48 shows four runs for coal Sample A obtained at a
heating rate of 160®C/min. The runs show that energetics of coal
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pyrolysis are endothermie up to a temperature of 500°C. After 
500°C, two runs showed exothermic energies but one run showed 
endothermie behavior within 500-727°C. The fourth run, obtained 
with one partially coated cover, showed the largest exothermic 
peak of all four sample scans.
4. The comparison of two runs obtained by 160®C/min for each sample 
(Figures IV-48 through IV-56) shows that the run with the parti­
ally "Oildag" coated cover shows an exotherm larger than the run 
made with two fully coated covers.
5. At low temperatures, (50-400°C) , the two scans obtained at the 
40°C/min heating rate differ considerably in values of dE/dT.
This difference is larger than the differences observed for scans 
obtained at high heating rates (320 or 16Q°C/min) in the tempera­
ture range 50-400®C.
6. The two runs for coal Sample E made at 40°C/min showed large endo­
thermie behavior (Figure IV-61) in the beginning of the temperature 
scan. This behavior was unique since it was not observed for any 
other coal samples.
7. When one scan is corrected over a wider temperature range than 
the other, the scan that is corrected over the wider temperature 
shifts to the exothermic direction at a lower temperature than 
the scan corrected over a narrow range.
The differential energy versus temperature thermograms for 
nine coal samples. Figures 6, 7, and 8 of Appendices A through I, and 
also shown in Figures IV-39 through IV-65, were integrated to find the 
energies of pyrolysis by measuring the area under the curves. The
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results are reported in Tables IV-3, IV-4, and IV-5 in which the endo­
thermie and exothermic temperature are defined for coal sample scans 
made at 320, 160, and 40®C/min heating, rates. The total energy required 
to pyrolyze a coal sample is obtained by adding the energies of the 
endothermie and exothermic portions for each sample scan. Tables IV-3, 
IV-4, and IV-5 also list the result of this addition.
Effect of Heating Rate on the DSC Thermogram 
The thermograms found in the Appendices for each sample are 
shown in Figures IV-66 through IV-74 to illustrate the effect of the 
heating rate on the DSC curves of coal samples.
The following observations were made from Figures IV-66 through
IV-74:
1. The temperature range for the initial endothermie section increases 
with an increase in the heating rate for most of the coal samples. 
This observation is apparent from Figures IV-66, IV-68, IV-69,
IV-71, IV-72, and IV-73.
2. The temperature at which the endotherm swings toward the exothermic 
direction is shifted to a higher temperatue with an increase in 
the heating rate.
3. The coal Samples C, D, and G (Figures IV-68, IV-69, and IV-72) show 
small peaks and valleys for the scans obtained at 160“C/min. The 
absence of these peaks in scans made at 320 and 40°C/min may be 
due to limited response of the DSC-2 instrument combined with a 
small sample size for the experiments. Low sensitivity was neces­
sary since operation of the DSC-2 instrument over a wide tempera­
ture range, 50-727°C, was required to record energy changes occurring 
during coal pyrolysis.
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T4bU lV-3
HCATS or TYROLYSIS FOB COAL SAHTIXS FOB A 
HEATING RATE OF 3:0«C/MIN AS OBTAINSQ BY PSC
SAMPLE RUN
ENDOniHRMlC EXOTHERMIC
RANGE OF TEMP CAL/GM* RANGE OF TEMP CAL/GM*
A 126 100 - 62S*C ♦309.2 625 - 727*C - 27.6 ♦281.6
B 130 100 - 540*C 
550 - 727*C
♦266.0
♦101.6 ♦367.6
C 132 100 - 610'C ♦188.4 610 - 7J7*C - 75.6 ♦112.8
0 136A 100 - 485'C ♦167.2 485 - 727'C -175.6 - 8.4
E 123 100 - S08*C 
580 - 705*C
♦132.8 
♦ 46.8
508 - 580*C - 19.2
♦160.4
F 137 . 100 - 700*C ♦232.8 ♦232.8
Q 113 100 - 555'C 
575 - 727«C
♦182.0 
♦ 57.4 ♦239.4
H 141 100 - 60S*C ♦215.6 605 - 727*C - 99.6 +116.0
I 119 100 - 60S*C 
615 - 727 "C
♦216.8 
♦ 30.8 ♦247.6
Endothermie is positive and exothermic is negative. Heights are based on as 
received sample and energy is based on the original weight of the sample.
Table IV-4
HEATS OF PYROLYSIS FOR COAL SAMPLES FOB A 
HEATING RATE OF 160*C/H1N AS OBTAINED BY DSC
SAMPLE RUN
ENDOTHERMIC exothermic
RANGE OF TEMP CAL/GM' RANGE OF TEMP CAL/GM'
A 74 100 - 525 C ♦210.0 525 - 727'C - 72.0 ♦138,0
B 84 100 - 510*C 
703 - 727'C
♦180.4 
♦ 4.4
508 - 703'C -140.4
♦ 44.4
C 82 100 - 505*C 
585 - 650'C 
670 - 720*C
♦148.0 
♦ 21.6 
♦ 13.6
505
650
- S75'C
- 670'C
- 19.2
- 4.8
♦159.2
D 95 100 - 520*C 
585 - 726.9*C
♦ 78.8
♦ 71.2
520 - 585'C - 16.4
♦133.6
E 103 100 - 500'C 
555 - 605*C 
620 - 637*C 
710 - 727'C
♦202.0
♦ 17.6
♦ 2.0 
♦ 2.8
505
605
637
- 555'C
- 620'C
- 710'C
- 14.8
- 0.8 
- 10.8
♦198.0
r 83 100 - 552'C ♦256.8 552 - 727'C - 49.6 ♦207.2
G 86 100 - 515'C 
680 - 727'C
♦278.0 
♦ 8.0
515 - 670'C - 65.6
♦220.4
H 72 100 - 500'C ♦208.0 500 - 727'C - 249.0 - 41.0
I 96 100 - 615'C 
685 - 727'C
♦326.4 
♦ 8.4
615 - 685'C - 5.2
♦329.6
Endothermie is positive and exothermic is negative. Heights are based on as 
received sample and energy is based on the original weight of the sample.
Table IV-5
HEATS OP PYROLYSIS FOR COAL SAMPLES FOR A 
HEATING RATE OF 40“C/MIN AS OBTAINED BY DSC
SAMPLE RUN
ENDOTHERMIC EXOTHERMIC
TOTAL
RANGE OF TEMP CAL/GM* RANGE OF TEMP CAL/GM*
A 155 100 - 497°C +281 497 - 727*C -518 -237
B 157 100 - 505°C +251 505 - 727°C -422 -171
C 160 100 - 505°C +452 505 - 727°C -538 — 86
D 162 100 - 455°C +226 455 - 727°C -783 -557
E 174 100 - 555°C +1276 555 - 727°C -216 +1060
F 167 100 - 455°C +149 455 - 727°C -746 -597
G 177 100 - 465°C +253 465 - 727°C -521 -268
H 164 100 - 460°C +180 460 - 727°C -740 -560
I 181 100 - 470°C +206 470 - 727°C -471 -265
Endothermie is positive and exothermic is negative. Weights are based on as 
received sample and energy is based on the original weight of the sample.
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4. It was also observed that for most samples (except Sample E) the 
exothermic sections are larger for a coal thermogram obtained at 
a 40"C/min heating rate than the exothermic sections observed on 
scans made at the other heating rates (320 and 160°C/min). This 
effect is probably due to the additional pyrolysis of the coal 
sample because of the slow rate of heating and, therefore, a 
longer residence time for the coal and coal pyrolysis products 
in the sample holder.
It was observed from the discussion on the DSC results on coal 
that the coal decomposition reactions are endothermie up to a temperature 
of approximately 500°C and are exothermic above 500°C for most coals.
The results also indicate that additional reactions, which do 
not take place when the coal is heated at 160 or 320°C/min, occur when 
coal is heated at a 40“C/min heating rate, as indicated by the higher 
exothermic levels at the lower heating rate. In contrast, the DSC 
results of wood pyrolysis by Duwuri (1974) and Muhlenkamp (1975) showed 
that the DSC energy level (Value for dE/dT) at a particular temperature 
remained nearly the same for scans made at different heating rates.
(The total energy of pyrolysis of wood has also been observed to change 
slightly with a decrease in the heating rate). The conclusion that 
additional coal decomposition reactions occur at lower heating rates is 
further supported when the initial sample weight and final sample weight 
data for DSC runs made at different heating rates are compared- These 
data are reported in Table J-2. For example, weight loss data for coal 
Sample A indicate that more weight loss was observed when the DSC scan 
was made at 40®C/min than the weight loss observed for scans made at
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320®C/min. A similar observation may also be obtained from the results 
of thermogravimetric analysis of coals. However, additional DSC experi­
mentation is required at low heating rates.
To our knowledge, this study is the first on a Perkin-Elmer 
DSC-2 over the entire temperature range of operation of the instrument 
(to 727°C) for any material undergoing simultaneous decomposition. 
Consequently, DSC results for any material that undergoes decomposition 
at temperatures higher than 500°C are not available to check the instru­
ment performance. However, DSC data for several types of wood have been 
obtained at this laboratory to 500*C. Since DSC pyrolysis experimentation 
above 500°C is also unique to this laboratory, a performance test of the 
DSC-2 instrument over the entire temperature range was carried out with 
wood of known DSC behavior. The differential energy curve and total 
heat of pyrolysis data for milled oak wood have been reported by Havens 
(1969) and Brown (1972) to a maximum temperature of about 500°C for a 
20°C/min heating rate. In these studies it was observed that pyrolysis 
reactions of most wood samples shift to higher temperatures with increas­
ing heating rate. In order to extend pyrolysis, an oak wood sample was 
run on the DSC-2 instrument over the entire temperature range of opera­
tion at a heating rate of 320“C/min. The run made at this heating rate 
for oak wood looked similar to a scan for coal samples on the recorder 
chart at temperatures above 500®C. The final energy level (at 727°C) 
for oak wood scan was also higher than the baseline final energy level.
The scan was corrected in the same manner as the coal scans. This cor­
rected scan for oak wood obtained at 320°C/min is compared with the scan 
obtained by Havens (1969) at 20°C/min in Figure IV-75. It can be seen
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on Figure IV-75 that the peak of the dE/dT curve obtained in this study 
occurs at a higher temperature than the scan obtained by Havens (1969) 
at 20®C/min. This observation is in agreement with Brown (1972).
(Havens, 1969, also found that the temperature at which the maximum rate 
of weight loss occurred in the TGA of oak wood also corresponds to the 
temperature at which the maximum energy is absorbed by the oak wood 
sample). These observations explain the temperature difference in the 
peaks of the two oak wood curves shown in Figure IV-75. The two curves 
are nearly similar in shape except for the initial peak observed for 
the scan made at 320°C/min in this study, which is believed to be due 
to the release of moisture from the oak wood sample. Havens (1969) 
dried his samples before DSC scans were made. The similarity in the 
curves shown on Figure IV-75 indicate that the performance of the instru­
ment and the. method of correction of the DSC curves are. reasonable at 
least for scans made at high heating rates.
In retrospect, it is also possible that longer residence time 
for the coal samples within the sample holder and the pyrolysis products 
that have condensed on the inside of the sample holder cover may have 
caused larger baseline shift, particularly at slow heating rates. Heat 
losses associated with this baseline shift were accounted for as part 
of the energies of the coal pyrolysis because of the manner in which 
the DSC-2 thermograms were analyzed. The exact contribution of heat 
losses, reflected as the baseline shift, to the total energies of coal 
decomposition reactions cannot be determined because the heat loss 
levels established during the baseline scan could not be exactly repro­
duced during the scan with the coal sample. In this respect, therefore.
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the Perkin-Elmer DSC-2 did not yield reliable data about quantitative 
energetics of coal pyrolysis reactions over the entire temperature 
range (50 - 727°C) of the instrument. It must be stated that these 
heat losses are not even identifiable (but they do occur) in other 
types of differential thermal analyzers, discussed in Chapter II, 
because of difference in the basic principle of operation of DTA and 
true DSC instruments.
Comparison Between the Results of Conventional DTA 
Studies on Coal and Results of this Study 
Several differential thermal analysis (DTA) studies have been 
reported involving carbonization of static beds of coal. Breger and 
Whitehead (1951) , Yagashita and Araki (1955), Glass (1954), Clegg (1955), 
and King and Kelley (1955) are only some of the contributors to the 
literature of DTA of coals. Almost all of the studies have sought 
qualitative results from DTA of coals and made studies at low heating 
rates. The results of these studies indicate coal carbonization is 
either predominantly endothermie (Breger-Whitehead, 1951), or partly 
endothermie and partly exothermic, or wholly exothermic (King-Kelley,
1955). As also explained in Chapter II, Clegg (1955) mentioned many 
variables that influence the curves of differential thermal analysis.
The results of this study indicate that pyrolysis of most coal 
samples is endothermie in the temperature region from ambient to 500°C 
and then remains exothermic until the end of the scan.
Kirov and Stephens (1967) have described a fluidized bed calori­
meter originally suggested by Basden (1960). The specific heats of coals 
and semi-cokes were measured at several temperatures. A method was
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also described on how to obtain specific heats at all temperatures. A 
value of mean specific heat was used to estimate total heat of coking. 
Since actual DTA runs were not made, no qualitative information was 
available. This problem led to the assumption that the coal carboni­
zation was "thermally neutral." That is, the net heat of pyrolysis is 
zero. Over the temperature range 20-700“C, the estimated total heat of 
coking ranged from 250-300 cal/gm depending on the proximate analysis 
of coal.
Quantitative results of this work are reported in Table IV-2, 
IV-3, and IV-4. Although actual heat of pyrolysis is thermally defined 
(endothermie or exothermic) in the results obtained in this study, the 
values reported for 150“C/min of some coals are comparable with the 
estimated total heat of coking, reported by Kirov and Stephens (1967).
Comparison of Results of Coal Pyrolysis Obtained 
on DuPont 'DSC Cell' and Perkin-Elmer DSC-2
Recently, a coal pyrolysis study was reported by Mahajan, 
Tomita and Walker (1976) which involved use of the duPont 'DSC Cell' to 
perform differential thermal analysis of coals. The pyrolysis was 
performed in a closed system and under helium pressure. Coals were 
pyrolyzed over the temperature range 100-580°C at a heating rate of 
10°C/min. The 'DSC Cell' thermograms were corrected for mass changes 
occurring during the scan. After correction, high rank coals (anthra­
cite to hv-c) showed endothermie behavior over the entire temperature 
(100-580°C) range whereas exothermic behavior was observed for low rank 
coals (such as sub-bituminous coal and lignites). One sub-bituminous 
coal (Sbb-B) showed both endothermie and exothermic behavior over the
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temperature range studied. (Results of the present studies on the 
Perkin-Elmer DSC-2 clearly indicated that the coal decomposition reac­
tions are endothermie up to a temperature of about 500°C; at higher 
temperatures - to 727®C - both endothermie and exothermic —  predomi­
nately the latter —  reactions were noted).
Mahajan, et al. (1976) observed smaller deflections, as indica­
ted by the sensitivity of 0.2 mcal/sec on the duPont DSC Cell, for coal 
pyrolysis in helium than were obtained for coal pyrolysis in nitrogen 
on the Perkin-Elmer DSC-2 in the present study. This difference is also 
evident in the values of heat of reaction reported by Mahajan, et. al. 
(1976) , for two - endothermie and exothermic - sections of the curves.
A high sensitivity, 20 mcal/sec, had to be used in the present study 
because the experimentation was over a wide temperature range. For an 
adequate comparison, it would be desirable to make a run in a helium 
environment on the Perkin-Elmer DSC-2. Unfortunately, helium cannot 
be used in the Perkin-Elmer DSC-2 above 427°C because the instrument 
becomes power limited due to the high thermal conductivity of helium.
Although an objective evaluation of Mahajan's results is not 
possible without a more thorough familiarity of the exact experimental 
procedure, the following comments are offered;
1. Mahajan obtained the baseline only after the sample run. Since the
pyrolysis of coal always yields volatile products, the thermal 
behavior of the holder is different before and after the run.
2. It is not clear from Mahajan's paper whether the decomposition 
products were continuously removed from the cell which was
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maintained under helium pressure. In the present study, it was 
found that the method of product removal exerted a significant 
effect on the results.
3. Although the calibration coefficient was averaged by Mahajan over 
small temperature sections of 50*C, the overall effect of tempera­
ture on the calibration coefficient may be significant, particu­
larly in view of the low sensitivity of 0.2 mcal/sec.
4. The thermograms were corrected for weight loss by observing the 
deflections (Ay) at the beginning of the scan and at the end of 
pyrolysis. This procedure assumes that the weight loss is linear 
with an increase in temperature, contrary to their TGA results.
Summary
Although every reasonable effort was made to extract as much 
quantitative information from the TGS and DSC experimental runs, the end 
results were far from satisfying. In other words the absolute magnitudes 
of the kinetic parameters, based on the TGS experiments, as reported in 
Table IV-1, page 83, are open to question. For this reason, the last 
column in the table which lists the overall results is intended to provide 
only relative comparisons of the kinetic parameters for the various coals, 
even though the overall concept appears to have little, if any, physical 
significance. Similar reservations are advanced for the DSC results 
reported in Tables IV-3, IV-4, and IV-5 on pages 142 and 143, which are 
further clouded by the aforementioned deficiencies in the experimental 
apparatus and technique.
CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS
The results of thermogravimetric analysis of nine coal samples, 
performed over a temperature range of 25-lGG0°C at 16G, 8G, 4G, 2G, and 
10°C/min heating rates on a Perkin-Elmer TGS-1 thermobalance, showed 
that:
1. Most of the coal sample weight loss occurs in the 4GG-7GG°C tempera­
ture range. At other temperatures, the rate of weight loss is low.
2. The temperature at which the maximum rate of weight loss is observed
is shifted to a higher temperature with increasing heating rate.
This behavior suggests that the extent of pyrolysis is greater at 
lower heating rates for a pyrolysis covering a specified temperature 
range.
3. As would be expected, a medium volatile coal (coal Sample D) showed
that a higher temperature was required to achieve a maximum rate
of devolatilization than the other eight high volatile coal samples. 
The kinetic model suggested by Goldfarb (1968) is also proposed 
to describe TGA thermograms of coal samples. However, it was observed 
that a separate set of kinetic paramters (Log A, E, and n) was required 
to describe adequately the high rate of weight loss sections of the TGA 
curves.
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The qualitative and quantitative results of differential thermal 
analysis of coal pyrolysis were obtained on a Perkin-Elmer DSC-2 instru­
ment over a temperature range of 50-727®C for all coal samples. The 
results show that the coal pyrolysis reactions are endothermie up to a 
temperature of about 500®C and are predominantly exothermic over the 
range 500-727°C. Since additional pyrolysis of coal occurs at lower 
heating rates, the results of DSC thermograms obtained at 40®C/min show 
larger exotherms over the approximate temperature range 500-727“C 
than exotherms shown on scans made at 320 and 160°C/min heating rates.
No attempt was made to relate the DSC results with rank of the coal 
since variation in analyses of coal samples was insufficient.
The results of the DSC scans were obtained after appropriate 
corrections were applied to the DSC runs for change in baseline levels. 
This shift in baseline level was attributed to the coal pyrolysis prod­
ucts condensing on the cover and changing the radiative heat loss char­
acteristics of the sample holder. Therefore, future coal related 
experimentation on the Perkin-Elmer DSC-2 must focus on alleviating 
problems related to the baseline shift. The solution to this problem 
may possibly be realized with the following experimental changes:
1. The baseline shift is less likely to occur if the products are 
removed as soon as they are evolved. Perkin-Elmer has recently 
introduced (Hall and Cassel, 1976) a change in the manner these 
volatile products are removed from the holders. This change 
presumably allows the products (and nitrogen) to vent directly 
above the holders.
2. It was also suggested (Hall and Cassel, 1976) that pyrolysis 
experiments be conducted in argon rather than in nitrogen.
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Presumably, because argon has a lower thermal conductivity and a 
higher molecular weight, and is more inert, than nitrogen, estab­
lishing a baseline should be facilitated.
It is evident from this study that the Perkin-Elmer DSC-2 falls 
short of giving reproducible, and therefore reliable, quantitative mea­
surements of the energetics for coal decompositions. Qualitatively, it 
is probably superior to other differential thermal analyzers.
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APPENDICES
APPENDIX A
TGA AND DSC THERMOGRAMS FOR COAL SAMPLE A
Coal Sample :
Source Identification: 
Rank of Coal :
Mine Designation :
Seam Designation ;
Location in U. S. A. :
A
Illinois #6 
Not Available 
Orient Mine 
Illinois #6 
Illinois
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Figure A-5. TGA Theruiograme (Weight Loss and Rate of Weight
Loss) for Coal Sample A. at 10‘*C/min,
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Figure A-8. C o r r e c t e d  DSC S c a n  f o r  t h e  C o a l  S a m p le  A a t  a  
H e a t in g  R a te  o f  4 0 " C /m in .
Coal Sample
APPENDIX B
TGA AND DSC THERMOGRAMS FOR COAL SAMPLE B
B
Source Identification: Indiana #6
Rank of Coal 
Mine Designation 
Seam Designation
hvbb
Chrisney #1, Spencer County 
Indiana #6
Location in U. S. A. : Indiana
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Figure B-1. TGR Thermograms Weight Loss and Rate oE Weight
Loss) for Coal Sample B at 160°C/min.
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Figure B-2. TGA Thermograms (Weight Loss and Rate of Weight
Loss) for Coal Sample B at 80"C/min.
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Figure B-3. TGA Thermograms (Weight Loss and Rate oC Weight
Loss) for Coal Sample B at 40*C/min.
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Figure B-4.- TGA Thermograms (Weight Lose and Rate of Height
Loss) for Coal Sample B at 20"C/nin.
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Figure B-5. TGA Thermograms (Weight Loss and Rate of Weight
Loss) for Coal Sample B at 10**C/min.
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Figure B-5. Corrected DSC Scan for the Coal Sample B at a
Heating Rate of 320“C/min.
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Corrected DSC Scan for the Coal Sample B a t a
Heating Rate of 40"C/min.
APPENDIX C
TGA AND DSC THERMOGRAMS FOR COAL SAMPLE C
Coal Sample : C
Source Identification: Kentucky Blend
Rank of Coal : hvab
Mine Designation : Ohio County, West Kentucky
Seam Designation : Blend of Seams #9, #11, and #12
Location in U. S. A. : Kentucky
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Figure C-1. TGA Thermograms (Height Loss and Rate of Height
Loss) for Coal Sançle C at 160“c/min.
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Figure C-2. TGA Thermograms (Weight Loss and Rate of Weight
Loss) for Coal Sample C at ao**C/min.
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Figure C-3. TGA Thermograms (Weight Loss and Rate of Height
Loss) for Coal Sample C at 40’C/min.
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Figure C-4. TGA Thermograms (Weight Loss and Rate of Height
Loss) for Coal Sample C at 20*/rain.
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Figure C-5. TGA Thermograms (Weight Loss and Rate of Height
Loss) for Coal Sample C at IO“c/min.
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APPENDIX D
TGA AND DSC THERMOGRAMS FOR COAL SAMPLE D
Coal Sample : D
Source Identification: Pennsylvania Coal
Rank of Coal 
Mine Designation 
Seam Designation 
Location in U. S. A.
mvb
Manor #44 Mine
Clearfield Lower Kittanning Bed 
Pennsylvania
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Figure D-1. TGA Thermograms (Weight Loss and Rate of Height
Loss) for Coal Sanple D at I60*C/min.
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Figure D-2. TGA Thermograms (Weight Loss and Rate of Weight
Loss) for Coal Sample D at 80"C/min.
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Figure D-3. TGA Thermograms (Weight Loss and Rate of Weight
Loss) for Coal Sample D at 40“C/mln.
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Figure D-4. TGA Thermograms (Weight Loss and Rate of Weight
Loss) for Coal Sample D at 20“C/min.
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Figure D-S. TGA Thermograms (Weight Loss and Race o£ Weight
Loss) for Coai Sample D at 10*C/min.
i
ID
a
§
8|!
+0.6 Run 136A
+0.4
0.4
- 0,8
1.2
100 300200 400 500 600 700
MO
to
TEMPERATURE . ‘r.
Figure D-6. C o r r e c t e d  DSC S c a n  f o r  t h e  C o a l  S a m p le  D a t  
H e a t i n g  R a te  o f  3 2 0 * * C /m in .
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Figure D-8. Corrected DSC Scan for the Coal Sample D a t a
Heating Bate of 40“C/min.
APPENDIX E
TGA AND DSC THERMOGRAMS FOR COAL SAMPLE E
Coal Sample :
Source Identification; 
Rank of Coal ;
Mine Designation ;
Seam Designation :
Location in U. S. A. :
West Virginia 
hvab
Ireland Mine, West Virginia 
Pittsburgh Seam 
West Virginia
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Figure E-1. TGA Thermograms (Weight Loss and Rate of Height
Loss) for Coal Sample E at 160*C/min.
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Figure E-2. TGA Thermograms (Weight loss and Bate of Weight
loss) for Coal Sample E at 80"C/min.
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Figure E-3. TGA Thermograms (Height Loss and Rate of Weight
Loss) for Coal Sample E at 40“C/min.
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Figure.E-4. TGA Thermograms (Weight loss and Bate of Height
Loss) for Coal Sample E at 20*C/min.
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Figuré E-5, TGA Thennograma (Weight Loss and Rate of Weight
Loss) for Coal Sample E at 10“C/min.
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Figure E-8. C o r r e c t e d  DSC S ca n  f o r  t h e  C o a l  S a m p le  E  a t  a  
H e a t i n g  R a te  o f  4 0 'C / m l n .
APPENDIX F
TGA AND DSC THERMOGRAMS FOR COAL SAMPLE F
Coal Sample : F
Source Identification: Wyoming (1)
Rank of Coal : hvb
Mine Designation : . . .
Seam Designation : Rock Springs, Wyoming
Location in U. S. A. : Wyoming
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Figure F-1. TGA Ttiermograms (Height toss and Bate of Height
Loss) for Coal Sample F at 160“C/mln.
100
8 0
S
s
I  6 0  
'â
4 0
20
1 0 0  2 0 0  3 0 0 4 0 0  5 0 0
TEMPERATURE
6 0 0
"C
10
S
7 0 0  8 0 0  9 0 0  1 0 0 0
NJ
M
.O'
Figure P-2. TGA Thermograms (Weight Loss and Rate of Weight
Loss) for Coal Sample F at 80“C/min.
100 10
80
oss
S5
M
I
S
40
20
100 200 300 400 500 600 700 800 900 1000
I
I
to
H
TEMPERATURE ®C
Figure P-3. TGA Thermograms (Weight Loss and Rate of Height
Loss) for Coal Sample F at 40*C/min.
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Figura F-4. TGA Thermograms (Weight Loss and Rate of Weight
Loss) for Coal Samgle F at 20°C/min.
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Figure P-5. TGA Thermograms (Weight Loss and Rate of Weight
Loss) for Coal Sample F at lO^C/min.
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Figure F-6. C o r r e c t e d  DSC S c a n  f o r  t h e  C o a l  S a m p le  F a t a  
H e a t i n g  R a te  o f  3 2 0 " C /m in .
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APPENDIX G
TGA AND DSC THERMOGRAMS FOR COAL SAMPLE G
Coal Sample ;
Source Identification; 
Rank of Coal :
Mine Designation :
Seam Designation :
Location in U. S. A. :
G
FSOC-026
hvc
Not Available 
Sahara #6 
Illinois
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Figure G-1, TGA Thennograma (Weight Loss and Rate of Weight
Loss) for Coal Sample G at 160°C/min.
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Figure G-2. TGA Thermograms (Weight Loss and Rate of Weight
Loss) for Coal Sample G at 80"C/min.
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Figure G-3. TGA Thermograms (Height Loss and Bate of Height
Loss) for Coal Sample G at 40"C/min.
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Fi^r« G-4. TGA Thermograms (Weight Loss and Hate of Height
Loss) for Coal Sample G at 20°C/min.
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Figure G-S. TGA Thermograms (Height Loss and Rate of Height
Loss) for Coal Sample G at 10"C/min,
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Figure G-7. Corrected DSC Scan for the Coal Sample G at a
■ Heating Rate of 160*C/min.
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Figure G-B. C o r r e c t e d  DSC S c a n  f o r  t h e  C o a l  S a m p le  G a t  a  
H e a t i n g  R a te  o f  4 0 ® C /n iin .
APPENDIX H
TGA AND DSC THERMOGRAMS FOR COAL SAMPLE H
Coal Sample : H
Source Identification: PSOC-216
Rank of Coal : hvb
Mine Designation ; Colonial
Seam Designation : Kentucky #14
Location in U. S. A. : Kentucky
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Figure H-1. TGA Thermograms (Weight Loss and Rate of Weight
Loss) for Coal Sample H at I60**C/min.
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Figure H-2. TGA Thermograms (Weight Loss and Rate of Height
Loss) for Coal Sample H at BO*C/min.
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Figure H-3. TGA Thermograms (Weight Loss and Rate of Weight
Loss) for Coal Sangle H at 40*C/ailn.
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Figure H-4. TGA Thermograms (Weight Loss and Rate of Weight
Loss) for Coal Sample H at 20"C/min.
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Figure H-S. TGA Thermograms (Weight Loss and Rate of Weight
Loss) for Coal Sample H at 10®C/min.
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Figure H-6. Corrected DSC Scan for the Coal Sample H at a
Heating Rate of 320®C/min.
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Figure H-8. Corrected DSC Scan for the Coal Sample H at a
Heating Bate of 40'C/min.
APPENDIX I
TGA AND DSC THERMOGRAMS FOR COAL SAMPLE I
Coal Sample : I
Source Identification; PSOC-272
Rank of Coal : hvb
Mine Designation : Sinclair Strip Mine
Seam Designation : Kentucky #9 Seam
Location in U. S. A. : Kentucky
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Figure I-l. TGA Thermograms (Height Loss and Rate of Height
Loss) for Coal Sample I at 160**C/min.
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Figure 1-2, TGA Thermograms (Weight Loss and Rate of Weight
Loss) for Coal Sample I at 80”C/min.
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Figure 1-3. TGA Thermograms (Height: Loss and Rate of Weight
Loss) for Coal Sample I at 40°C/min.
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Figure 1-4. TGA Thermograms (Height Loss and Rate of Height
Loss) for Coal Sample I at 20*C/min.
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Figure 1-5. TGA Thermograms (Weight Loss and Rate of Weight
Loss) for Coal Sample I at lO^C/min.
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Figure 1-6. Corrected DSC Scan for the Coal Sample I at a
Heating Rate of 320*C/iain.
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Figure 1-8. C o r r e c t e d  DSC S c a n  f o r  t h e  C o a l  S a m p le  I  a t  
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APPENDIX J
TABULATED DATA PROM TGA AND DSC RUNS
250
Table J"1
TABULATED DATA PROH TGA OF COAL SAMPLES
SAMPLE
RUN
NO.
HEATING
RATE
®C/min
INITIAL
WEIGHT
mg.
FINAL
WEIGHT
mg.
MAXIMUM RATE 
OF WEIGHT LOSS 
PER MIN.
MAXIMUM RATE 
OF VfEIGHT LOSS 
PER "C
TEMPERATURE AX 
MAXIMUM RATE OF 
HEIGHT LOSS
A 2 160 1.74 1.14 0.8232 0.00515 518
5 ISO 2.26 1.54 0.8979 0.00562 509
4 80 2.34 1.60 0.3888 0.00486 488
7r* 80 0.95 0.60 0.4242 0.00530 480
Ifi 40 2.42 1.60 0.2959 0.00740 462
3R 40 2.16 1.46 0.2249 0.00560 463
1 20 2.64 1.78 0.1202 0.00601 468
2 20 2.66 1.80 0.1154 0.00577 468
IR 10 3.51 2.44 0.0615 0.00615 459
B 1 160 2.24 1.30 0.8073 0.00505 509
3 160 2.40 1.40 0.9332 0.00583 509
S 60 1.59 0.95 0.5012 0.00627 489
6 80 1.66 0.94 0.5054 0.00632 488
2 40 2.11 1.21 0.2424 0.00608 455
3 40 2.09 1.20 0.2225 0.00556 452
1 20 2.05 1.14 0.1201 0.00601 458
2 20 2.70 1.52 0.1350 0.00675 458
IR 10 2.64 1.51 0.0520 0.00520 445
to
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Table J-1 (continued)
SAMPLE
RUN
NO.
HEATING
RATE
• C /o i in
I N I T I A L
WEIGHT
F IN A L
W EIGHT
a g .
MAXIMUM RATE  
OF W EIG HT LOSS  
PER M IN
MAXIMUM RATE 
OP liE IG H T  LOSS 
PER *C
TEMPERATURE AT  
MAXIMUM RATE OF 
W EIG HT LOSS "C
C 1 1 6 0 2 . 2 0 1 .2 8 0 ,9 3 7 5 0 .0 0 5 8 6 5 1 8
3 1 6 0 2 . 2 0 1 .3 5 0 ,6 5 7 6 0 ,0 0 5 3 6 5 0 8
1 8 0 1 .1 2 0 .6 0 0 .4 2 8 6 0 .0 0 5 3 6 4 8 1
2 8 0 1 .3 4 0 . 8 0 0 ,4 5 3 8 0 .0 0 5 6 7 4 8 0
2 4 0 2 . 2 0 1 .2 8 0 ,0 0 5 6 0 4 5 4
3 4 0 1 . 9 9 1 .1 5 0 .2 1 3 5 0 .0 0 5 3 6 4 6 3
1 20 2 . 2 6 1 .2 6 0 .1 3 2 3 0 .0 0 6 6 2 4 5 8
2 2 0 2 .4 7 1 .4 2 0 ,1 3 0 7 0 .0 0 6 5 4 4 5 8
1 1 0 2 .5 2 1 .4 8 0 .0 5 9 5 0 .0 0 5 9 5 4 4 4
0 2 1 6 0 1 . 7 0 1 .2 8 0 .9 0 9 6 0 .0 0 5 6 8 5 6 9
5 1 6 0 1 .2 8 0 . 9 6 0 .8 4 6 8 0 .0 0 5 3 0 5 7 6
2 8 0 1 . 0 7 0 .7 4 0 .4 3 1 8 0 .0 0 5 4 4 5 4 6
3 8 0 1 . 2 2 0 . 9 3 0 .4 4 7 1 0 .0 0 5 5 9 5 4 6
1 4 0 0 . 9 6 0 . 7 0 0 .2 0 9 7 0 .0 0 5 2 5 5 2 3
2 4 0 1 . 2 0 0 . 9 0 0 .2 0 6 4 0 ,0 0 5 1 6 . 5 2 3
I 2 0 . 1 . 5 1 1 ,1 1 0 .1 0 1 8 0 .0 0 5 0 9 5 0 9
2 2 0 1 .6 4 1 . 2 0 0 .0 8 3 8 0 .0 0 4 1 9 SOS
1 10 2 . 1 4 1 . 6 0 0 ,0 4 2 6 0 ,0 0 4 3 7 4 9 6
N>
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to
Table J-1 (continued)
SAMPLE
RUN
N O ,
HEA TIN G
RATE
• C /m in
IN I T I A L
W EIGHT
F IN A L  
W EIGHT  
. m g.
MAXIMUM RATE 
OF H E IG H T  LOSS 
PER M IN .
MAXIMUM BATE 
OF H E IG H T  LOSS 
PER *C
TEMPERATURE AT  
MAXIMUM RATE OF 
W EIG HT LOSS *C
E 2 1 6 0 1 .5 4 0 . 9 0 1 .1 4 8 9 0 .0 0 7 1 8 5 1 8
4 1 6 0 1 .6 0 0 . 9 4 1 .1 8 7 5 0 .0 0 7 4 2 5 1 8
1 8 0 1 .4 0 0 . 8 4 0 .5 9 8 0 0 .0 0 7 2 6 5 1 3
4 8 0 2 .7 2 1 .6 2 0 .6 0 8 3 0 .0 0 7 6 0 5 1 3
5 4 0 1 .6 0 0 . 8 6 0 .2 6 9 3 0 .0 0 6 7 3 4 6 3
6 4 0 1 .7 2 0 . 9 8 0 .2 6 0 0 0 .0 0 6 5 0 4 7 6
2 2 0 2 .3 2 1 . 4 0 0 .1 1 0 0 0 .0 0 5 5 0 4 6 8
3 2 0 2 .0 8 1 .2 4 0 .1 1 6 4 0 .0 0 5 8 2 4 5 2
1 1 0 2 .3 8 1 .3 B 0 .0 5 7 5 0 .0 0 5 7 5 4 3 5
F 4 1 6 0 2 .1 6 1 . 2 8 0 .7 4 8 0 0 .0 0 4 6 7 5 1 8
S 1 6 0 2 .2 4 1 .3 2 0 .7 5 4 3 0 .0 0 4 7 1 5 1 8
1 8 0 1 .3 2 0 . 8 0 0 .3 8 4 9 0 .0 0 4 8 1 5 0 4
2 8 0 1 .7 0 1 .0 2 0 .3 9 7 2 0 .0 0 4 9 6 4 9 6
1 4 0 1 .6 8 0 . 9 6 0 .2 2 1 8 0 .0 0 5 5 4 4 7 0
2 R * 4 0 1 .5 4 0 . 9 4 0 .1 9 4 7 0 .0 0 4 8 7 4 6 9
1 2 0 1 .9 0 1 .1 5 0 .0 8 2 0 0 .0 0 4 1 0 4 6 8
2 2 0 1 .9 0 1 .1 5 0 .0 8 2 0 0 .0 0 4 1 0 4 6 3
1 1 0 2 .6 6 1 .5 4 0 .0 4 6 4 0 .0 0 4 6 4 4 4 4
K)
Ü1W
Table J-1 (continued)
SAMPLE
RUM
MO.
HEATING
RATE
® C /m in
I N I T I A L
H E IG irr
mg.
F IN A L
W EIG HT
ag.
MAXIMUM RATE 
OF H E IG H T  LOSS 
PER M IN .
MAXIMUM RATE 
OF H E IG H T  LOSS 
PER ®C
TEMPERATURE AT  
MAXIMUM RATE OF 
W EIGHT LOSS *C
G 2 1 6 0 2 . 1 0 1 .3 6 0 .8 1 0 5 0 .0 0 5 0 7 5 1 8
3 1 6 0 2 .4 4 1 .5 8 0 .8 0 6 7 0 .0 0 5 0 4 5 2 6
1 8 0 1 .5 2 0 . 9 6 0 .4 1 8 5 0 .0 0 5 2 3 4 8 8
2 8 0
»
1 .3 4 0 .8 2 0 .3 9 2 4 0 .0 0 4 9 1 4 8 8
1 4 0 2 .2 2 1 .3 7 0 .2 1 4 5 0 .0 0 5 3 6 4 7 7
2 4 0 2 .1 4 1 .3 4 0 .2 0 4 0 0 .0 0 5 1 0 4 6 9
1 2 0 2 .2 8 1 .3 8 0 .0 9 4 2 0 .0 0 4 7 1 4 6 8
2 2 0 2 . 1 6 1 .3 5 0 .0 9 5 5 0 .0 0 4 7 7 4 6 8
1 1 0 3 .3 9 2 .0 4 0 .0 5 5 6 0 .0 0 5 5 6 4 5 4
H 3 1 6 0 2 .3 0 1 .3 2 0 .9 4 1 4 0 .0 0 5 8 8 5 1 8
4 1 6 0 1 . 3 6 0 . 9 0 0 .9 1 7 1 0 .0 0 5 7 3 5 1 8
1 8 0 1 .8 0 1 .0 6 0 .4 9 3 6 0 .0 0 6 1 7 4 9 7
2 6 0 1 .6 4 0 . 9 6 0 .4 9 4 8 0 .0 0 6 1 9 4 9 7
1 4 0 2 . 0 6 1 .1 9 0 .2 7 4 9 0 .0 0 6 8 7 4 6 8
2* 4 0 1 .9 B 1 . 1 1 0 .2 5 5 3 0 .0 0 6 3 8 4 7 2
1 2 0  . 1 .8 6 1 .0 6 0 .1 1 8 9 0 .0 0 5 9 4 4 6 8
2 2 0 1 . 7 5 0 . 9 6 0 .1 1 5 3 0 .0 0 5 7 0 4 6 5
I R * 1 0 3 . 5 0 2 .0 4 0 .0 5 5 6 0 .0 0 5 5 6 4 5 4
tooi
Table J-1 (continued)
SAMPLE
RUN
NO .
H EATING
RATE
" C /m in
I N I T I A L
W EIGHT
m g.
F IN A L
W EIGHT
MAXIMUM RATE  
O F H E IG H T  LOSS 
PER M IN .
MAXIMUM RATE 
OF W EIGHT LOSS 
PER “C
TEMPERATURE A T  
MAXIMUM RATE OF  
H E IG H T  LOSS "C
I 2 1 6 0 2 .0 2 1 .1 8 0 .9 5 0 7 0 .0 0 5 9 4 5 1 8
3 1 6 0 2 . 0 4 1 . 2 0 0 .9 4 1 7 0 .0 0 5 8 8 5 1 8
2 8 0 1 . 4 6 0 . 8 4 0 .5 3 9 6 0 .0 0 6 7 4 4 8 0
3 8 0 1 .7 4 0 . 9 8 0 .5 5 0 6 0 .0 0 6 8 0 4 8 0
1 4 0 1 .6 2 0 . 9 6 0 .2 9 7 3 0 .0 0 7 4 3 4 6 0
2 4 0 1 . 7 6 0 . 9 0 0 .2 5 4 7 0 .0 0 6 4 9 4 5 9
1 2 0 1 .9 2 1 . 1 4 0 .1 2 8 3 0 .0 0 6 4 1 4 5 8
2 2 0 1 . 6 9 1 .0 2 0 .1 1 8 3 0 .0 0 5 9 1 4 5 7
1 1 0 2 . 6 6 1 .5 5 0 .0 6 1 2 0 .0 0 6 1 2 4 6 0
ro
en
en
'R *  i n  t h i s  c o lu m n  i n d i c a t e s  t h a t  a  r u n  w as  r e p e a t e d  b e c a u s e  o f  som e e x p e r i m e n t a l  p r o b le m  i n  t h e  p r e v i o u s  
r u n  o f  t h e  sam e n u m b e r .
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T a b le  J - 2
TABULATED DATA FROM THE BEST DSC RUNS
SAMPLE
RUN
NO.
HEATING
RATE
• C /m in
SAMPLE
WEIGHT
F IN A L
HEIGHT
mg.
BASE­
L IN E
S H IF T *
TEMPERATURE 
AT WHICH THE  
CURVE WAS COR­
RECTED PROM 
T c f  *C  .
FIG U R E  N O ,* *  
I N  T H IS  
REPORT
A 1 26 3 2 0 1 .8 1 1 .3 6 1 1 4 6 6 A - 6
1 25 3 2 0 1 .8 0 1 .3 4 4 6 t 4 6 6 -
74 1 6 0 1 .8 0 1 .2 6 3 7 4 34 A -7
76 1 6 0 1 .8 0 1 .2 8 15 4 34 -
1 5 5 4 0 1 .8 0 1 .3 0 53 4 6 6 A -8
1 56 4 0 1 .7 7 1 .2 8 5 3 4 3 4 -
B 1 3 0 3 2 0 1 .3 0 0 .8 8 5 3 4 6 6 B -6
1 3 1 3 20 1 .3 0 .8 6 3 5 4 6 6 -
3 4 1 6 0 1 .7 8 1 .1 4 1 6 4 6 6 B -7
9 9 1 6 0 1 .8 0 1 .1 0 29 4 6 6 -
1 57 4 0 1 .8 0 1 .1 0 52 4 6 6 B -8
1 58 4 0 1 .8 0 1 .1 0 4 8 4 3 4 -
C 1 32  . 3 20 1 .7 9 1 .1 6 3 7 4 6 6 C - 6
133 3 2 0 1 .8 0 1 .1 6 5 7 4 6 6 -
82 1 60 1 .8 0 1 .1 6 3 4 6 6 C -7
1 01 1 6 0 1 .8 0 1 .1 4 35 4 6 6 -
1 6 0 4 0 1 . 8 0 1 .1 6 6 3 4 5 0 C -8
1 59 4 0 1 .7 8 1 .1 4 3 8 4 3 4 -
0 1 3 6 3 2 0 1 .1 8 0 .9 6 5 6 4 6 6 D -6
1 08 3 20 1 .8 0 1 .4 6 53 4 66 -
9 5 1 60 1 .8 2 1 .4 7 2 3 4 6 6 D - 7
8 0 1 6 0 1 . 8 0 1 .4 2 3 7 t 4 6 6 -
1 62 40 1 .7 9 1 .4 1 5 1 4 3 4 D -8
1 63 40 1 .7 4 1 .3 8 5 1 4 34 -
E 123 3 2 0 0 .5 6 0 .3 8 37 4 9 8 E -6
1 24 3 20 0 .5 8 0 .3 8 4 0 + 4 9 8 -
1 02 1 6 0 1 .8 0 1 .1 4 2 0 4 3 4 E -7
98 1 6 0 1 .8 0 1 .1 4 32 4 6 6 -
1 7 4 40 1 .7 4 1 .1 0 76 4 34 E-a
1 7 3 40 1 .7 7 1 .1 1 — t - -
F 1 37 3 20 1 .8 1 1 .1 4 55 4 6 6 F - 6
1 38 3 2 0 1 .8 0 1 .1 4 54 4 6 6 -
8 3 1 6 0 1 .8 0 1 .1 6 24 4 6 6 F - 7
1 0 0 1 6 0 1 .8 0 1 .1 0 2 9 4 6 6 -
1 6 7 40 1 .7 8 ' 1 .1 0 39 4 34 F -8
1 6 9 40 1 .7 6 1 .0 8 4 5 4 3 4
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Table J**2 (continued)
SAMPLE
RUN
NO.
HEATING
RATE
"C/ioln
SAMPLE
WEIGHT
mg.
PINAL
WEIGHT
mg.
BASE­
LINE
SHIFT*
TEMPERATURE 
AT WHICH THE 
CURVE WAS COR­
RECTED FROM 
Tc, -C
FIGURE NO.** 
IN THIS 
REPORT
G 113 320 1.80 1.22 49 466 G-6
114 320 1.80 1,22 53 466 -
66 160 1.80 1.20 39 466 G-7
90 160 1.78 1.18 15 466 -
177 40 1.80 1.20 45 434 G—8
180 40 a . 80 1.18 46 434 -
H 141 320 1.80 1.18 -5 466 H-6
145 320 1.30 0.82 42 466 -
72 160 1.80 1.10 -3 434 H-7
69 160 1.80 1.10 16 434 -
164 40 1.78 1.10 50 434 H-6
165 40 1.82 1.14 61 434 -
Z 119 320 1.00 0.66 48 466 1-6
120 320 1.00 0.66 43t 466 -
96 160 1.80 1.16 25 466 1-7
81 160 1.78 1.16 41t 434 -
181 40 1.80 1.14 38 434 1-8
183 40 1.78 1.15 38 434
Baseline shift (in no. of chart divisions) is the difference between the final 
energy levels of the baseline scan and the sançle scan. A Leeds and Northrop 
Chart No. 990173 (100 divisions in 25 cm chart span) was used for all DSC runs, 
^nsitivity setting on the instrument was 20 mcal/sec and recorder full scale, 
was 20 mv.
All the DSC runs listed in this table are also shown in the text.
Baseline shift exceeded the equipment millivolt output range.
